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ABSTRACT 
The removal of nickel via Polyacrylic acid sodium salt was investigated in Polymer-Enhanced 
Ultrafiltration. Solution pH and nickel removal have a direct correlation. The optimal loading ratio 
was found to be between 3 and 4 g PAANa/g nickel. Solution pH had no effect on membrane 
fouling. Loading ratios had no effect on membrane fouling and it was discovered that 30,000 kDa 
PAANa causes large decreases in membrane permeability. The complexation of PAANa and nickel 
was characterized by binding capacity, the complexation equilibrium constant, and nickel denticity. 
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1. INTRODUCTION 
With the world population set to break seven billion sometime next year, the management and use 
of natural resources is pushing to the forefront of world concern. With more people entering the 
worldwide market, an increase in products to meet their needs is inevitable. Individuals, businesses, 
and industries are seeing not only the long term monetary benefit of using resources wisely, but also 
the aesthetic and health benefits that come from environmental stewardship. This is seen from the 
changing of light bulbs at home to the tightening of national government and world standards for 
environmental quality.1, 2, 2-5 With potable water essential to life, no where else are these standards 
more important than the area of water quality. 
 
Not only is water essential for life, it has become the primary workhorse of industries around the 
world as a working fluid, transport medium, heat transfer fluid, cleaning agent, etc. Unfortunately 
this has often led to the degradation of water quality as harmful effluents are returned to the 
environment with various contaminants from these processes.2 One of the most startling group of 
water contaminants are those of heavy metals due to their accumulation in biological systems and 
their toxicity even at relatively low concentrations.2, 6-9 Sources of heavy metal water contamination 
are varied and can be seen in every step of production from mining, purification and processing, to 
metal finishing and electroplating, and even end use.1, 5 
 
Electroplating, the process by which metal is deposited on a surface via an electric current, has been 
a major contributor to water contamination by a wide variety of heavy metal ions.10 Industry 
currently treats electroplating wastewater via a lime-soda precipitation technique that, although 
effective, essentially shifts the problem to large volumes of sludge containing heavy metals.10, 11 Not 
only does this method not solve the problem of heavy metal pollution, electroplating industries also 
must deal with the loss of the useable metal which is becoming increasingly expensive due to a 
decrease in the quality of metal ores.12, 13 What is needed is an economical method, not only for the 
removal of heavy metals from waste water, but the recovery of these metals. 
 
The past fifteen years have seen a wealth of publications on the use of water soluble polymers in 
conjunction with ultrafiltration to remove and recover heavy metals from wastewaters.13 This 
method, termed Polymer-Enhanced Ultrafiltration (PEUF), has the potential to meet the specific 
needs of the electroplating industry. Despite the numerous publications on this topic there is much 
to be researched before this technology is ready for industrial use.10, 13-20 
 
This report investigates the use of poly(acrylic acid sodium salt), PAANa, as a complexing agent for 
the removal of nickel(II) from aqueous solutions via PEUF for potential use in electroplating 
wastewater recovery. Research was conducted as collaborative effort between Worcester Polytechnic 
Institute (WPI) in Worcester, Massachusetts and Shanghai Jiao Tong University (SJTU) School of 
Environmental Science and Engineering in Minhang, Shanghai.  
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2. BACKGROUND 
In an attempt to arrive at solutions that are robust and versatile, it is essential that research be 
framed in an awareness of the larger problem. Due to the similarities in heavy metal reactivity and 
the diversity of their application in industry, solutions to the removal of heavy metals from effluents 
in one industry can easily be applicable to other industries. In order to sufficiently investigate the 
removal of nickel from aqueous solutions in the electroplating industry, it is necessary to understand 
the larger scope of heavy metal utilization. This chapter will provide a brief introduction to heavy 
metal use and their associated risks as well as the specifics of nickel use. 
 
2.1. HEAVY METALS IN INDUSTRIAL EFFLUENT 
2.1.1. HEAVY METALS DEFINED 
Despite its use in both daily language and the scientific community, the term “heavy metals” is 
largely an unscientific term with little agreement on its meaning. That being said, it is necessary to 
define which elements are meant when the term “heavy metals” is used within this report. 
Density has often been used a method to classify heavy metals as any elemental metal with a 
specific density of 5g/mL or greater.7 With very little basis for alternatives, this definition will be 
used throughout this report. It is important to note though that almost 2/3 of naturally occurring 
elements fall under this definition, many of them being very rare. Many of these metals are never 
encountered in industry and only a select few occur in quantities large enough to be regulated by 
the World Health Organization2 When stating values and data for heavy metals in aggregate a 
shorter list of only the most prevalent and/or most toxic heavy metals will be used, i.e. arsenic, 
barium, cobalt, cadmium, chromium, copper, lead, manganese, mercury, nickel, selenium, silver, 
and tin.2 
 
2.1.2. RISE OF HEAVY METAL USE 
Heavy metals have been in use for millennia. Lead alone has been in use for over 5000 years.7 
The first window into major heavy metal use is seen through the Roman Empire. The ability to 
mine and refine these heavy metals became a source of power as many of these heavy metals 
contributed to weapons of greater mechanical strength. Large quantities of heavy metals were 
required to support the Roman Empire’s demand, specifically lead, copper, zinc and mercury. 
The Roman Empire used 80,000-100,000 tonnes/year of lead, 15,000 tonnes/year of copper, 
10,000 tonnes/year of zinc and over 2 tonnes/year of mercury. Despite the versatility of heavy 
metals and their wide range of applications in the Roman Empire, demand did not expand greatly 
until the industrial revolution in the 18th and 19th centuries.21  
 
The introduction of higher temperatures and new alloying techniques allowed a new range of 
metal alloys to be produced for a variety of purposes. This was the beginning of an exponential 
growth of heavy metal use which would continue well into the late 20th century (see Figure 1).21  
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Figure 1: Worldwide Mine Production of Copper, Lead, and Zinc from 1850-199021 
 
Not only did mine production of common heavy metals increase, but as technology advanced 
industry required more novel types of metal alloys for use in heavy metal containing compounds. 
With new demands came an increase in the diversity of heavy metals entering industry through 
the 20th century into today. The diversity of needs now causes a diversity of heavy metal effluent 
also. Contamination of water with a mixture of heavy metals now occurs in mining, mineral 
processing, metal finishing, battery production, and electroplating.5 
 
2.1.3. HAZARDS OF HEAVY METAL EFFLUENT 
The ecological and biological hazards that heavy metals pose are similar due to their similar 
electronic configuration and resulting reactivity. Heavy metal ions tend to be positively charged 
due to low ionization energies. This causes them to behave as electrophiles preferentially seeking 
out electron pairs for bonding. Due to their large ionic radius as well as overall charges that are 
mostly greater +1, they often form complexes with anywhere from four to ten coordinated ligand 
groups. The number and strength of ligand bonds depends greatly on the charge of the metal and 
the size of the metal. It is within these differences of charge and size that small variations in 
heavy metal chemistry and toxicity arise. 
 
Due to their unique chemistry approximately 1/3 of enzymes employ metal ions to help catalyze 
biochemical reactions. Problems arise when biological systems are subjected to higher 
concentrations or different compositions of heavy metals than what naturally occurrs. Due to 
their electrophilic nature, heavy metal ions will form complexes with function groups containing 
high electron density, namely carboxylic acids (-COOH), amines (-NH2), thiols (-SH), located in 
the amino acids of enzymatic proteins.  Once complexed with these proteins, the enzymatic 
function of the protein is hindered or destroyed.22 Depending on the severity of enzymatic 
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disruption, heavy metals can cause mild reactions or even death of a biological agent. Commonly 
noted human toxicities for several heavy metals can be seen below in Table 1. 
 
Table 1: Heavy Metal Toxicities7, 22, 23 
Heavy Metal Toxicities 
Arsenic 
Gastrointestinal, cardiovascular, nervous system 
disruption, bone marrow depression, haemolysis, 
hepatomegaly, melanosis, polyneuropathy and 
encephalopathy, death 
Cadmium Kidney damage, renal disorder, Itai-Itai, carcinogenic 
Chromium Headache, nausea, diarrhea, vomiting, carcinogenic 
Copper Liver damage, Wilson disease, insomnia 
Gold Autoimmunity 
Lead 
Autoimmunity, headache, irritability, abdominal pain, 
various nervous system and psychological disturbances, 
retardation  
Mercury 
Tremors, changes in personality, restlessness, anxiety, 
sleep disturbance, depression, autoimmunity, death 
Nickel 
Dermatitis, nausea, chronic asthma, coughing, 
carcinogenic 
Zinc Depression, lethargy, seizures, ataxia, thirst 
 
The startling biological toxicity of heavy metals is compounded by its permanence and 
accumulation in ecological systems. Heavy metals can remain in the environment for hundreds of 
years or more.22 Once in the environment, aqueous heavy metals have been known to accumulate 
in plants and animals that are often ingested by humans. This specific problem is becoming 
increasingly important in developing countries where municipal wastewater is sometimes used for 
farming due to its high nutrient loading. What was once a good source of fertilizer has now 
become polluted with heavy metals which crops absorb and people consume.8  This fact further 
stresses the importance of removing heavy metals from industrial effluent at their source for if 
they reach the environment removal becomes extremely complex if not impossible. 
 
One does not need to look far to see the very real and present consequences of heavy metal 
contamination. This past October, 100 miles southwest of Budapest, a large reservoir of heavy 
metal sludge burst releasing over 600,000 cubic meters of sludge into a small town and the 
surrounding environment.24 The sludge was a byproduct of alumina production and contained 
several heavy metal oxides including iron, aluminum, and titanium 25. According to an article 
published in China Daily, data obtained from a national pollution sources census showed that 
heavy metals have become China’s main pollutant with over 816 tonnes emitted every year. 
Supporting this data is an increase in the number of lead poisoning cases throughout China. 
Zhou Shengxian, head of the Ministry of Environmental Protection has stated, “In order to 
protect the environment and guarantee public health, avoiding excessive emissions of heavy 
metals will be on the top of our agenda this year…”.4  
 
2.1.4. WATER QUALITY STANDARDS FOR HEAVY METALS 
In an attempt to ensure public health and safety the World Health Organization (WHO) has 
established guidelines for drinking water quality.2 Heavy metal contaminant guideline limits from 
the WHO’s Guidelines for Drinking Water Quality are summarized below in Table 2. 
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Table 2: World Health Organization's Guideline Values for Heavy Metals2 
Heavy Metal  Guideline Value (mg/L) 
Arsenic 0.01 
Barium 0.7 
Cadmium 0.003 
Chromium 0.05 
Copper 2 
Lead 0.01 
Manganese 0.4 
Mercury 0.001 
Nickel 0.02 
Selenium 0.01 
 
 Although legally enforced limits must be established by government agencies, these guidelines 
establish a datum by which to judge the relative quality of water. In order to help industries meet 
the public water quality standards, maximum effluent discharge standards have been set for 
various industries on a national level by both the United States and China. The maximum effluent 
discharge standards for the electroplating industry can be seen below in Table 3. 
 
Table 3: Maximum Effluent Discharges for the Electroplating Industry in the USA 
and PRC3, 26 
Heavy Metal 
EPAa Max. Effluent 
Discharge (mg/L) 
MEPb Max. Effluent 
Discharge (mg/L) 
Silver 0.7 0.3 
Copper 2.7 0.5 
Nickel 2.6 0.5 
Chromium 4.0 1.0 
Zinc 2.6 1.5 
Lead 0.4 0.2 
Cadmium 0.7 0.05 
Mercury n/a 0.01 
Iron n/a 3.0 
Aluminum n/a 3.0 
Total Metal 6.8 n/a 
a Environmental Protection Agency, USA 
b Ministry of Environmental Protection, PRC 
 
 
It is important to note that the maximum effluent discharge standards are higher than the WHO 
guideline values as industrial effluents are often expelled into large bodies of water where 
concentrations are greatly diluted. This method of setting individual point source limits is the 
only effective way for the enforcement of public water quality standards. China’s standards are 
much more stringent that of the United States emphasizing the need for effective and efficient 
means of heavy metal removal from electroplating wastewater in China.   
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2.2. NICKEL AS A KEY HEAVY METAL CONTAMINANT 
2.2.1. BRIEF HISTORY OF NICKEL 
Nickel makes up 0.008% of the earth’s crust and is the fifth most abundant element in the 
composition of the earth as a whole. Nickel was first identified in 1751by a Swedish chemist. 
During the 1800s nickel was used primarily as a plating and alloying metal. But, it was not until 
the early 20th century with the invention of stainless steel by WPI graduate Elwood Haynes, that 
nickel demand skyrocketed.27  
 
Today, Russia, Canada, Australia, Indonesia and New Caledonia are the top five producers of 
nickel from mining operations, contributing over 60% of the worldwide nickel production of 
1,454,200 tonnes/year in 2007.27-29 Growth in nickel consumption has been due to increased use 
around the world but primarily due to China’s recent strong economic growth. Consumption of 
nickel has grown 3.4% year over year since 2001.29 
 
2.2.2. USES OF NICKEL 
The consistent growth in nickel consumption is fueled by the versatility of nickel in various metal 
alloys due to its metallurgical properties which include: 
• high melting point (1453°C) 
• corrosion resistance 
• ductility due to its face-centered cubic crystalline structure 
• solubility in metal alloys 
• ferromagnetic properties 
• ease of electro deposition via electroplating and 
• catalytic behavior. 
 
All of these unique properties give rise to nickel being a key component in a wide rage of 
materials but its resistance to corrosion is most desirable. In the United States alone corrosion 
costs the country 4% of its GNP, or $300 billion (2 trillion RMB) annually. The high cost of 
corrosion makes stainless steal (an alloy of nickel) the number one industrial consumption of 
nickel. Due to nickel’s solubility and ease of disposition on substrates many of its unique 
properties can be transferred to the surfaces of products including, computer hard disks, kitchen 
utensils, medical devices, automobile trim, and bathroom fixtures.27 A breakdown of nickel’s use 
in various industries can be seen below in Figure 2. 
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Figure 2: Nickel Consumption by Industry27 
 
2.2.3. NICKEL ELECTROPLATING 
Nickel electroplating accounts for 11%, or 160,000 tonnes, of nickel production every year.27 The 
process of electroplating starts with a bath of 8wt% nickel salts (approx. 17-39 g Ni/L) dissolved 
in an aqueous solution. The part to be electroplated is attached to one electrode (cathode) which 
is immersed in the nickel bath. The other electrode (anode) is attached to solid metallic nickel. 
When the direct current is run through the solution the divalent nickel (Ni2+) is deposited on the 
part attached to the cathode with the addition of two electrons while divalent nickel is freed from 
the anode releasing two electrons.30 
 
Despite the incredibly toxic nature of the electroplating bath, water contamination from the 
electroplating industry actually occurs from the purging of several rinse water baths that are used 
to remove the nickel solution from the plated part. These baths only remain effective if they 
contain small amounts of nickel so they must be replenished periodically and replaced with fresh 
solution. These baths contain anywhere from 1 to 5 g/L of nickel and must be appropriately 
cleaned before discharge.31 
 
2.2.4. IMPORTANCE OF NICKEL RECOVERY 
The importance of nickel recovery from these rinse water baths is critical for several reasons. The 
aforementioned health concerns are one important aspect but one must also take into account 
the cost of nickel loss both to the electroplating industry and companies that produce nickel. 
 
The Nickel Institute32 investigated the environmental impact in the cradle-to-gate production of 1 
kg of 99% pure nickel. Within their report they investigated the inputs and outputs required to 
mine nickel ore, prepare the ore for separation, separate the ore, refine the ore, and produce 
nickel products. There analysis included the emission of lead, sulfur dioxide, carbon dioxide to 
the atmosphere as well as energy consumption and water use. This information used in 
conjunction with electroplating nickel consumption allows for the analysis of the environmental 
impact of nickel on the world. This information is summarized below in Table 4. 
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Table 4: Environmental Impact of Nickel Consumption from Cradle-to-Gate32 
Environmental Input/Output 
Value for 1 kg of 
Nickel 
Value for Worldwide 
Electroplating 
Consumptiona per Year 
Lead 0.037 g 5.9 tonnes 
Sulfur Dioxide 959 g 153,000 tonnes 
Carbon Dioxide 15.4 kg 2,460,000 tonnes 
Primary Energy Consumption 160 MJ 3.4 x 1010 MJ 
Water Use 1903 L 6.1 x 1011 L 
a Values calculated using worldwide nickel production in the year 2007 (1,454,200 tonnes) with 11% of the 
worldwide production going to the electroplating industry.27, 29  
 
These values are staggering and any method of reduction in the amount of nickel lost through 
effluent could have a large impact on reducing these values. 
 
In conjunction with environmental costs, there are monetary costs associated the loss of nickel in 
electroplating effluent. With the current price of nickel around 24,000 US$/tonne (160,000 
RMB/tonne), every kilogram of nickel that is lost through wastewater effluent costs the 
electroplating industry US$12 (80 RMB).28 These losses are staggering when considering a year of 
production in a typical electroplating business. With many electroplating businesses discharging 
over 38,000 liters of rinse bath effluent every day, US$180,000 - 910,000 (1.2 – 6.0 million RMB) 
is lost every year in nickel containing effluent alone.31  
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3. LITERATURE REVIEW 
The health, environmental, and monetary concerns of nickel effluent from electroplating industry 
are numerous and startling. These concerns, along with similar ones from other heavy metal 
contaminants, have led scientists from around the world to investigate efficient methods for heavy 
metal removal from aqueous effluents. This chapter will briefly cover the various methods for 
aqueous heavy metal removal and finish with an overview of the removal of nickel via Polymer-
Enhanced Ultrafiltration (PEUF). 
 
3.1. METHODS OF AQUEOUS HEAVY METAL REMOVAL 
Many methods for the removal of heavy metals from aqueous solutions have been investigated and 
much has been learned. Despite this, effective recovery methods are far from industrial use and 
this leaves the opportunity for continued research within this field.12, 16 There are seven easily 
discernable methods that have been extensively studied. As these methods lie outside the scope of 
this report they will only briefly be covered in subsections 3.1.1 through 3.1.7. An extensive 
literature review has been conducted by Kurniawan et al.23 and is recommended for a more 
comprehensive look into many of these separation techniques. 
 
3.1.1. CHEMICAL PRECIPITATION 
Chemical precipitation involves the conversion of heavy metal ions into insoluble metal 
hydroxides which precipitate from aqueous solutions along the following chemical reaction: 
 
 
 
Where M2+ represents the heavy metal ion and M(OH)2 represents the insoluble hydroxide. Basic 
conditions are required for this reaction to proceed so often inexpensive precipitant chemicals 
such as lime or calcium hydroxide are used. This method is the most widely used method for the 
treatment of heavy metal effluent due to its simplicity, relatively low capital equipment cost, and 
safe operation. Despite these advantages heavy metals are not recovered from this process, it 
requires large quantities of precipitant chemicals, and large volumes of toxic sludge are 
produced.23 
 
3.1.2. COAGULATION-FLOCCULATION 
Coagulation and subsequent flocculation is similar to chemical precipitation. Wastewater is 
treated to a basic pH and coagulating chemicals are added (ferric/alum salts) to overcome the 
electrostatic repulsion of suspended colloidal particles. The heavy metals in the water act as a 
flocculating agent and cause colloidal particles to group together forming floccules that 
precipitate out of solution. Coagulation-flocculation methods for heavy metal removal are 
effective in removing high concentrations of heavy metals but many of the same disadvantages as 
chemical precipitation arise, namely large quantities of expensive chemical additives and large 
volumes of toxic sludge.23 
 
3.1.3. FLOTATION 
Flotation has long since been used in many wastewater treatment facilities due to its low holding 
times and inexpensive operation. Although there are several types of flotation they all operate by 
the same principle. Air is passed through the wastewater and as the air rises it separates solids and 
other dispersed liquids from the solution. Wastewater containing higher concentrations of heavy 
metals are then removed from the overall solution. Despite its inexpensive operation and 
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widespread use, flotation has only been proven to be effective in wastewaters containing less than 
150 mg/L of heavy metals. For this reason it is limited to mainly municipal wastewater treatment 
and industries where heavy metals are not the main working chemical.23 
 
3.1.4. MEMBRANE BASED 
Membrane based separation techniques employ the use of semipermeable membranes to 
selectively remove harmful contaminants. There are three common types: ultrafiltration, 
nanofiltration, and reverse osmosis which are distinguished by their pore sizes. 
 
3.1.4.1. ULTRAFILTRATION 
Ultrafiltration, to be discussed in detail in section 3.2, is the process of removing large 
molecular weight molecules from solutions. Molecules larger than the pore size of the 
membrane (1000-100,000 Da) are retained while water and other small molecular weight solutes 
pass through the membrane. Due to the ionic nature and small size of heavy metals, a 
complexing agent is often added to bind the heavy metal to a much larger molecule and thereby 
ensure retention of the metal. Ultrafiltration is attractive due to its high removal efficiency 
(90%) low operating costs and large throughput but is often limited by membrane fouling 
which severely decreases membrane throughput over time.23 
 
3.1.4.2. NANOFILTRATION 
Nanofiltration is similar to ultrafiltration with the major difference arising from pore size and 
subsequent surface charge. Filtration of effluent is obtained by both molecular weight as in 
ultrafiltration but also by electrical charge. The membrane surface in nanofiltration is negatively 
charged which in turn rejects small cationic species (heavy metals) and larger neutral solutes. 
Nanofiltration can achieve even higher removal efficiency than that of ultrafiltration but it 
limited by higher operating costs and decreased throughput.23 
 
3.1.4.3. REVERSE OSMOSIS 
Reverse osmosis is a membrane separation technique that makes us of osmotic pressure and 
very small membrane pores. A pressure greater than the osmotic pressure of water is applied to 
the wastewater solution which forces water molecules to selectively permeate through the 
membrane. This process is a highly effective means to purify water but is often grossly 
expensive to operate due to the high pressures needed for separation.23 
 
3.1.5. ION EXCHANGE 
Ion exchange is a niche method for the removal of heavy metals from wastewater. With the ion 
exchange process a solid insoluble resin containing ions of similar charge to the heavy metal ions 
is placed in the wastewater solution. A replacement reaction occurs as the resin takes up the 
heavy metal ions and replaces them with ions of similar charge. This method is attractive as it has 
the ability to recover the heavy metal ions from the resin and also the ability to selectively remove 
heavy metals with the addition of ligands which target specific heavy metals. Despite these highly 
desirable advantages, ion exchange is limited due to the fact that wastewater must be extensively 
pretreated to avoid resin contamination and not all heavy metals can be removed with currently 
employed resins.23 
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3.1.6. ELECTROCHEMICALLY BASED 
Due to the charged nature of heavy metal ions in solution, several electrochemical wastewater 
treatments have also been investigated. These treatments often utilize the combination of 
aforementioned separation techniques in conjunction with an applied electric potential. 
 
3.1.6.1. ELECTRODIALYSIS 
Electrodialysis is a form of membrane separation where several membranes with cationic and 
anionic properties are used in conjunction with an electric potential. When the wastewater 
solution is placed within the cell, anions move through the membranes toward the anode while 
cations (heavy metals) move through the membranes toward the cathode. This process crates a 
highly concentrated heavy metal stream which is effective for recovery. Unfortunately treatment 
is limited to very dilute and relatively clean wastewaters due to membrane fouling.23 
 
3.1.6.2. MEMBRANE ELECTROLYSIS 
Membrane electrolysis is very similar to the electroplating process. A single membrane separates 
the cathode and anode in the wastewater solution which is permeable to heavy metals. As a 
current is applied heavy metal in a solid state is deposited on the cathode as counter ions are 
released from the anode. This method is highly effective with a 90% removal rate but is 
prohibitively expense due to the amount of energy required.23 
 
3.1.6.3. ELECTROCHEMICAL PRECIPITATION 
Electrochemical precipitation is the application of an electric potential to the chemical 
precipitation method described above. Greater separation is achieved and allows for higher 
concentrations of heavy metal wastewaters to be processed. The same disadvantages of 
chemical precipitation apply here compounded by high energy consumption.23 
 
3.1.7. ADSORPTION 
Adsorption separation is a process by which a solid adsorbent is introduced into the wastewater 
and heavy metals are bound to the solid. Activated carbon is a common adsorbent that has been 
used to remove heavy metals from wastewaters although there has been investigation into 
agricultural wastes and industrial by-products as possible adsorbents. The lack of highly efficient 
and cost effective adsorbents limits this process.23 
 
Despite the varying effectiveness and unique advantages of these separation techniques, various 
disadvantages in the form of increased costs, secondary pollutants or limited separation must be 
considered.6 Over time a combination of these different separation techniques has been employed 
by various industries to meet their specific need. When it comes to treating heavy metal effluent 
from the nickel electroplating industry, the current and most economical means of separation, 
chemical precipitation, comes at the cost of lost nickel and large volumes of secondary pollution in 
the form of caustic sludge.10 
 
3.2. POLYMER-ENHANCED ULTRAFILTRATION 
Of all the aforementioned separation techniques, ultrafiltration via the addition of complexing 
polymers, Polymer-Enhanced Ultrafiltration or PEUF, has received considerable attention from 
scientists around the world.13 Research overwhelmingly shows that its low operating cost, little to 
no secondary pollutant effects, and possibility for heavy metal recovery make PEUF an excellent 
alternative to currently employed purification methods.5, 10-15, 18-20, 33, 34 
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3.2.1. MECHANISM OF PEUF IN HEAVY METAL EFFLUENTS 
The very characteristic that makes heavy metals toxic in biological environments (electrophilic 
attraction and binding to function groups) is exploited in the polymer complexation of PEUF. 
Within the PEUF process, a water soluble polymer containing functional groups with high 
electron density (i.e. carboxylic acids, amines, thiols etc.) is added to the solution containing the 
heavy metal contaminates. The cationic heavy metals are then electrostatically attracted to the 
high electron density regions of the functional groups and form coordination bonds to the 
polymer. Due to heavy metal’s strong multiple positive charge, the metal ion often forms 
coordinating bonds between multiple functional groups both within a single polymer and 
between multiple polymers.13 The formation of multiple coordinating bonds between the metal 
and several polymer function groups can be seen below in Figure 3. 
 
 
Figure 3: Polymer-Metal Complex Structures for A) Carboxylic Complexes B) 
Acrylamide Complexes, C) Maleylglycine Complexes, and D) Amine Complexes13 
 
Water soluble polymers for use in PEUF can be classified into three types: neutral, basic, and 
acidic, based on their functional groups. Neutral polymers, like those of alcohols, polyglycols, and 
oxides, generally do not form stable complexes with heavy metal cations and are generally 
avoided in PEUF. Basic polymers containing amino- and imino- groups are inexpensive and give 
good selectivity but are generally toxic, making them desirable on a cost basis but undesirable due 
to safety concerns. The less toxic acidic polymers, containing functional groups with acidic 
hydrogens (e.g. Polyacrylic acid), PAA), are also inexpensive but give poor selectivity.35 
 
Once the polymer-metal complexes have reached equilibrium, the solution is pressurized within 
an ultrafiltration unit containing a polymeric ultrafiltration membrane with pore sizes from 0.1 to 
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100 nm. Although the membrane can be constructed from a variety of polymers there are five 
commonly used membranes due to their availability and low cost: polysulfone, cellulose acetate, 
polyethersulfone, polyethylene, and polyvinyldine fluoride.13 The chemical structure of these 
membrane polymers can be seen below in Figure 4. 
 
 
Figure 4: Common Membrane Chemical Structures13 
 
Both the chemical structure and the pore size affect separation. The pore size of an ultrafiltration 
membrane is often measured by a Molecular Weight Cut-Off (MWCO) stated in kiloDaltons 
(kDa). Molecules with molecular weights higher than the MWCO of the membrane are retained 
while molecules with molecular weights lower then the MWCO pass through the membrane. In 
this way heavy metals which are bound to large molecular weight polymers are retained while 
water molecules pass freely through the membrane.36  
 
3.2.2. FACTORS AFFECTING PEUF OF HEAVY METALS 
A wide variety of research on PEUF of heavy metals has been conducted over the past twenty 
years.23 Using this research it is possible to draw several conclusions about the factors that affect 
the PEUF of heavy metals.  
 
3.2.2.1. PHYSICAL OPERATING CONDITIONS 
From various papers it is apparent that PEUF is economical due to it’s low Transmembrane 
Pressure (TMP) which lies in the range of 0.1 to 0.5 MPa.5, 10, 11, 17-19, 34 It is commonly 
understood that increases in TMP affect membrane flux but very little investigation into 
membrane fouling or heavy metal removal due to pressure differences has been conducted. 
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Molinari et al.11 claim that increased TMP causes an increase in membrane fouling but their 
findings have yet to be repeated. 
 
None of the reviewed papers contained any information on the effect of temperature on the 
separation of heavy metals using PEUF and only a few recorded temperatures at which 
experiments were conducted. Temperature would most likely affect the polymer-metal complex 
equilibrium and solution viscosity which was mentioned as a possible factor causing decreases 
in flux by both Geckeler34 and Verbych 35. 
 
3.2.2.2. POLYMER SELECTION 
There is a wealth of information on a wide range of water soluble polymers used for PEUF of 
heavy metals. Due to both steric and electric effects of polymer-metal complexation, the 
defining characteristics of the polymer are critical. Rivas et al.13 conducted an extensive literature 
review in 2002 investigating the use of over 27 different polymers at various experimental 
conditions. Although qualitative in nature Rivas et al.13 lists several of the factors important to 
polymer selection: 
• Nature of the atoms in the backbone chain 
• nature of the function groups attached to the backbone 
• structure and copolymer composition 
• polymer molecular weight and polydispersity 
• distance between functional groups and backbone and 
• degree of branching 
 
Studies have been conducted with polymers of different molecular weights from 50 to 250 kDa. 
High molecular weight polymers have been noted to increase solution viscosity which as an 
adverse affect on membrane flux and concentration polarization which also negatively affects 
membrane flux.34, 35 The dispersion of molecular weights in off-the-shelf polymers has also led 
to several researchers pre-filtering polymer solutions before use to remove low molecular 
weight polymers.16, 35 Failure to remove low molecular weight polymers from solution can 
adversely affect results for polymer-metal complexation calculations. 
 
Another important factor in polymer selection for heavy metal PEUF is binding capacity or the 
mass of heavy metal removed per mass of polymer. This important factor allows for the relative 
comparison of different polymers; despite its importance it is very rarely calculated or discussed 
in literature. Without this value is difficult to tell if too much polymer has been added to the 
heavy metal solution. The ideal solution would achieve maximum complexation at minimum 
cost in polymer concentrations equal to the metal concentration divided by the binding 
capacity.11 
 
Finally, one of the most critical factors to polymer selection is the ability for the polymer to 
undergo decomplexation for the recovery of the heavy metal. If the polymer is able to release 
the heavy metal, both the metal and the polymer can be reused significantly reducing the cost of 
operation and volume of secondary pollution.11, 16, 18, 35 Polymer and metal recovery is commonly 
achieved by decreasing the pH and secondary ultrafiltration although the recovery of heavy 
metal by electrochemical and thermal pathways has also been investigated.5, 35 
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3.2.2.3. MEMBRANE SELECTION 
Membrane performance, i.e. separation of the solution and flux rate, is affected by both the 
physical and chemical nature of the membrane material.13 Physically, membrane MWCO must 
be carefully chosen for the molecular weight of polymer being employed. It is important to note 
that membrane MWCO is determined by rigid spherical proteins and most polymers are 
flexible. This allows them to pass through membrane pores by deformation despite their 
molecular weights being higher than the MWCO.35 Taking this into account, sufficiently large 
polymers should be employed with relatively small MWCOs, e.g. polymers with molecular 
weights of 30 to 100 kDa should be employed with membranes with MWCO of 30 kDa.35 
 
When it comes to chemical structure, membranes with the least amount of interaction with the 
polymer should be employed. As polymers adsorb to the surface of the membrane they often 
impede solution flow though the membrane reducing membrane flux.35 As with polymers, Rivas 
et al.13 give several important factors in choosing a membrane for PEUF: 
• interfacial properties: interfacial tension and adsorption 
• Van der Waals interaction 
• hydrogen bonding 
• electrostatic effects 
• charge transfer effects 
• dipole moments. 
 
3.2.2.4. SOLUTION PH 
Of all the factors affecting the removal of heavy metals via PEUF, pH is the most important.14, 
20, 36, 37 Within acidic solutions the high concentration of protons block the metal ions from 
binding to regions of electron density, reducing complexation and therefore decreasing 
separation. Within basic solutions heavy metal ions are not hindered by protons for the 
complexation sites on the polymer, this increases complexation with the polymer and therefore 
improves PEUF.36 Although high pH values are desirable for polymer metal complexation, the 
formation of metal hydroxides begins to form at high pHs. Metal hydroxides have small 
molecular weights and once they have formed pass freely through the membrane and thus 
should be avoided. 
 
Due to the wide variability of heavy metal removal between acidic and basic solutions, pH 
adjustment also can be used as a means to selectively separate heavy metals from 
multicomponent mixtures. The degree of heavy metal complexation is largely dependent on pH 
and varies across heavy metals.36 Many authors have noted that if the pH is carefully adjusted 
the removal rate of separate heavy metals can differ.5, 6, 15, 20 This is extremely important for the 
electroplating industry for heavy metals can therefore not only be recovered but separated at 
well. 
 
3.2.2.5. ADDITIONAL WASTEWATER CONTAMINANTS 
Most of the heavy metal PEUF research has been conducted in laboratory created solutions of 
various heavy metals in order to isolate experimental effects. In order for the industrial 
treatment of heavy metal effluent to be effective the inclusion of other wastewater 
contaminants must also be investigated, namely ionic species and organic material that is often 
found in actual effluents. Several authors have noted this critical aspect of research and 
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commented on the effects of a solution’s ionic strength and organic content on the removal of 
heavy metals using PEUF. 
 
As the ionic strength of the heavy metal solution increases it has been observed that removal 
decreases. It is now understood that as the ionic strength of the heavy metal solution leads to a 
reduction of the charge layer that surrounds the heavy metal ions. As this charged layer 
contracts the heavy metal’s electrostatic interaction with polymer function groups is inhibited. 
This inhibition causes a decrease in polymer-metal complexation and therefore a decrease in 
heavy metal removal.14, 16, 17, 19, 20, 34 
 
In introduction of other organic species also affects heavy metal removal rates. In the presence 
of small organic complexing agents such as ammonia, triethanolamine, citric acid, tartaric acid 
Zeng et al.20 noted a decrease in heavy metal removal rate. This is attributed to heavy metals 
forming strong complexes with these small organic complexing agents which easily pass 
through the membrane.20 Despite this discovery both Verbych et al.18 and Tavares et al.19 have 
noted an increase in heavy metal removal with larger organic contaminants like humic and 
fulvic acids which also form strong complexes with heavy metals. This leads to the conclusion 
that organic matter contained within the heavy metal effluents can have both a positive and 
negative effect on heavy metal removal depending on the organic matter’s size. More research 
needs to be conducted on the effect of wastewater contaminants.  
 
Despite the wealth of research conducted on the removal of heavy metals via PEUF, much of the 
data remains qualitative. A large research gap remains not only in the breadth of PEUF (which 
polymers, which membranes to use) but also the depth of heavy metal complexation, polymer 
and membrane construction, and selective metal recovery. 
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4. METHODOLOGY 
With an understanding of the issues of heavy metal water contamination, the importance of nickel 
recovery for the electroplating industry, and an overview of separation techniques including PEUF, 
the removal of nickel(II) from aqueous solutions by polymer-enhanced ultrafiltration via 
experimentation will be investigated. This chapter serves as an introduction to the details of the 
project, outlining objectives, necessary theoretical applications, as well as experimental reagents, 
equipment, and procedures.  
 
4.1. PROJECT OBJECTIVES 
Recently the electroplating industry in the Minhang region of Shanghai has approached the School 
of Environmental Science and Engineering at Shanghai Jiao Tong University about reducing and 
separating heavy metal pollution in their effluents. Industrial effluent from these industries 
contains cobalt and nickel which is more useful when separated. Professor Jiahui Shao is currently 
investigating the removal and selective separation of nickel and cobalt from these effluents using 
PEUF with polyacrylic acid sodium salt (PAANa). 
 
The polymer PAANa has been chosen due to its electron dense regions found in the carboxylic 
acid functional group, widespread use and availability, non-toxic properties, and inexpensive 
synthesis. Before PAANa can be used to selectively separate cobalt and nickel, separation of cobalt 
alone and nickel alone by PAANa must be characterized. Professor Jiahui Shao has previously 
investigated the removal of cobalt using PAANa yielding promising results, leaving only nickel to 
be characterized. The parameters of greatest interest to the electroplating industry are fouling and 
pH which have a direct impact on operating costs and metal recovery respectively. In order to 
better understand PEUF and possibly create better polymers for nickel removal the complexation 
reaction is also of academic interest. These parameters in the PEUF of nickel using PAANa are the 
main focus of this report. 
 
Under the direction of Professor Jiahui Shao and to meet the needs of the electroplating industry 
in Minhang, Shanghai, the primary objectives of this project are as follows: 
1. Investigate the effect of pH on nickel(II) removal rate using PAANa as a complexing agent. 
2. Investigate the effect of polymer/metal ratio on nickel(II) removal rate using PAANa. 
3. Investigate the effect of pH on membrane fouling from using PAANa. 
4. Investigate the effect of polymer/metal ratio on membrane fouling using PAANa. 
5. Investigate the complexation reaction between PAANa and nickel by characterizing binding 
capacity and the complexation equilibrium constant. 
 
These objectives were met using the facilities, equipment, and materials graciously provided by 
Shanghai Jiao Tong University’s School of Environmental Science and Engineering. 
 
18 | Page 
 
4.2. NOMENCLATURE 
Variables, subscripts and units are defined in Table 5 and Table 6 below: 
 
Table 5: Variable Definitions and Units 
Variable Definition Units 
β Intercept of Standard Nickel Curve mL 
χ Loading Ratio g nickel/g polymer 
δ Slope of Standard Nickel Curve µg/(mL Abs) 
 Change in Pressure MPa 
 Elapsed Time s 
 Density of Water g/cm
3 
A Membrane Cross-sectional Area  cm2 
C Nickel Concentration µg/mL = mg/L 
J Volumetric Flux cm3/(s cm2) 
K Equilibrium Binding Constant - 
L Hydraulic Permeability cm3/(s cm2 MPa) 
m Mass g 
n Binding Capacity mol of nickel/mol of PAANa 
R Removal Rate % 
 Volumetric Flow Rate cm
3/s 
X Nickel Concentration mM 
Abs Absorbance at λ=530nm - 
 
Table 6: Subscript Definitions 
Subscript Definition 
0 Initial 
1 Final 
f Feed Solution 
p Permeate Solution 
r Retentate Solution 
s Nickel Sample 
bound Complexed 
free Uncomplexed 
poly PAANa 
 
 
4.3. THEORETICAL APPROACH 
4.3.1. MEMBRANE ANALYSIS 
Pure water membrane flux is calculated on volumetric basis using the following equation: 
 
  (Eq. 1)  
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Where  is the volumetric flow rate of permeate in units of mL/s, A is the membrane cross-
sectional area in cm2 (constant throughout), and J is the volumetric flux of permeate in 
cm3/(s cm2). Volumetric flow rates were calculated using the mass of the collected sample and 
the density of water per the following equation: 
 
  (Eq. 2) 
 
Where mp is the mass of the permeate sample in grams,  is the density of water in g/cm
3 
(assumed to be 1.00 g/cm3 throughout), and  is the elapsed time in seconds for the permeate 
sample. Combining equation 1 and equation 2 the following equation for the volumetric flux in 
measurable quantities is: 
 
  (Eq. 3) 
 
Membrane hydraulic permeability, L in cm3/(s cm2 MPa), is defined as change in membrane 
volumetric flux over change in transmembrane pressure (TMP),  in MPa: 
 
  (Eq. 4) 
 
Membrane hydraulic permeability is easily found by plotting membrane volumetric flux against 
TMP and finding the slope. The membrane hydraulic permeability is then used to find membrane 
fouling, F in %: 
 
  (Eq. 5) 
 
Where L0 and L1 are the initial and final membrane hydraulic permeability. 
 
4.3.2. NICKEL CONCENTRATIONS 
Nickel concentration, C in µg/mL = mg/L, is calculated using a standard curve created from 
spectrophotometric analysis and the following equation: 
 
  (Eq. 6) 
 
Where Abs is the sample absorbance at a wavelength of 530nm, δ is the slope of the nickel 
concentration standard curve in µg/(mL Abs), β is the intercept of the nickel concentration 
standard curve in mL, and 25 and 10 represent the total mixture volume and sample volume 
(respectively) of the tested sample constant throughout experimentation. 
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Loading ratios, χ in g nickel/g polymer, of feed solutions are then calculated using the following 
equation: 
 
  (Eq. 7) 
 
Where Cf is the nickel concentration in the feed in µg/mL = mg/L and 50 is the concentration 
of polyacrylic acid sodium salt in µg/mL = mg/L, which is held constant throughout all 
experiments. 
 
The removal rate, R in %, for nickel is calculated using the following equation: 
 
  (Eq. 8) 
 
Where  is the nickel concentration in the permeate in µg/mL = mg/L, averaged over all 
samples. 
 
4.3.3. BINDING CAPACITY AND EQUILIBRIUM 
The following modified Langmuir equation can be used to describe complexation equilibrium 
between PAANa and nickel: 
 
  (Eq. 9) 
 
Where n is the binding capacity in mol of nickel/mol of PAANa, K is the equilibrium binding 
constant, and the concentration of uncomplexed nickel, Xfree, and complexed nickel, Xbound in mM 
is found via the following equations: 
 
  (Eq. 10) 
 
  (Eq. 11) 
 
Where 58.69 is the molecular weight of nickel in g/mol used to convert from mg/L to mmol/L. 
 
If equation 9 is divided by the concentration of uncomplexed nickel and inverted it takes on the 
following form: 
 
  (Eq. 12) 
 
Which can be further rearranged and simplified to a linear equation with following form: 
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  (Eq. 13) 
 
with a slope of: 
 
  (Eq. 14) 
 
and intercept of: 
 
  (Eq. 15) 
 
With only n and K unknown a plot of equation 13, also known as a Hanes Plot, will yield n and 
K by equating the slope and intercept to equations 14 and 15 respectively. 
 
4.4. EQUIPMENT 
Membrane separation was conduced in an Amicon Corporation Model 8400 unit made from 
polysulfone. The unit had a 400 mL capacity and was equipped with an acetal internal magnetic 
stirrer. The membrane unit can be seen assembled and disassembled below in Figure 5. 
 
 
Figure 5: Amicon Corporation Model 8400 Membrane Unit 
 
The membrane sheet used was supplied by the Shanghai Nuclear Research Institute of Chinese 
Academy of Sciences (SNRICAS), China. The membrane sheet was polyethersulfone with a 
MWCO of 30 kDa. Individual circular membranes were cut to a diameter of 76 mm from the large 
membrane roll kept moist. Solution pH was measured using a pH meter supplied by Jenco Quality 
Instruments, Shanghai Co. Ltd.. A UV/vis spectrophotometer supplied by Shanghai MAPADA 
Instruments Co. Ltd. was used for determining nickel concentrations in solution. 
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4.5. REAGENTS 
All reagents were analytical grade supplied by Sinopharm Chemical Reagent Co. Ltd., Shanghai 
China. Polyacrylic acid sodium salt ((C3H3O2Na)n) with a molecular weight of 30,000 kDa was used 
as the complexing polymer. Solutions of nickel were created using nickel dichloride hexahydrate 
(NiCl2·6H2O). Acidic solutions used for pH adjustment were created using hydrochloric acid 
(HCl). Basic solutions used for pH adjustment were created using sodium hydroxide (NaOH). A 
solution of Isopropyl alcohol (C3H8O) was used to clean the membranes before use. Solutions 
used for the spectrographic analysis if nickel concentrations were created using solid ammonium 
citrate ((NH4)2C6H6O7), solid iodine (I2), solid ethylenediaminetetraacetic acid disodium salt (Na2-
EDTA), solid dimethylglyoxime (CH3C(NOH)C(NOH)CH3), and an aqueous ammonia solution 
(NH4OH). 
 
 
4.6. EXPERIMENTAL APPROACH 
4.6.1. STOCK SOLUTION PREPARATION 
A stock solution of 1.000 g/L PAANa solution was created by massing 1.000 g of PAANa and 
adding it to a 1 L beaker. Approximately 900 mL of water was then added to the beaker which 
was then placed on a magnetic stirrer for 24 hours to dissolve the PAANa. Once the PAANa was 
dissolved the solution was transferred to 1 L volumetric flask and water was added to bring the 
solution volume to 1 L. 
 
A stock solution of 1.000 g/L nickel was created by massing 4.050 g of nickel dichloride 
hexahydrate and adding it directly to a 1 L volumetric flask. Water was added while inverting the 
flask periodically until the solution volume reached 1 L. 
 
A stock solutions of 1M HCl, 0.1M HCl, and 1M NaOH were premixed by coworkers. A stock 
solution of 0.1M NaOH was created by massing 1.000 g of solid sodium hydroxide and adding it 
to a 250 mL volumetric flask. Water was added while inverting the solution periodically until the 
solution volume reached 250 mL. The solution was allowed to sit for 1 hour as the sodium 
hydroxide continued to dissolve and water was again added to bring the solution volume back to 
250 mL. 
 
4.6.2. SPECTROSCOPY SOLUTION PREPARATION 
Four solutions were prepared for the spectrographic analysis of nickel concentrations. A 50wt% 
solution of ammonium citrate was prepared by massing 125 g of solid ammonium citrate and 
adding it to a 500 mL beaker. Approximately 200 mL of water added and the solution was stirred 
for 24 hours. After 24 hour the solution was transferred to a 250 mL volumetric flask and diluted 
with water to 250 mL while periodically inverting the flask. A 0.05 M iodine solution was 
prepared by massing 3.175 g of solid iodine and 6.25 g of potassium iodide and adding them to a 
250 mL volumetric flask and diluting to 250 mL while inverting the flask. A solution of 5wt% 
Na2-EDTA was created by massing 12.5 g of Na2-EDTA and adding it to a 500 mL beaker. 
Approximately 200 mL of water was added to the beaker and the solution was stirred for two 
hours. After 2 hours the solution was transferred to a 250 mL volumetric flask and diluted with 
water to 250 mL while periodically inverting the flask. Finally, a solution of 0.5wt% 
dimethylglyoxime was prepared by massing 1.25 g of dimethylglyoxime and adding it to a 500 mL 
beaker. One-hundred mL of aqueous ammonia was then added to the beaker and the solution 
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was transferred to a 250 mL volumetric flask and stirred for two hours. After two hours the 
solution was diluted with water to 250 mL while periodically inverting the flask. 
 
4.6.3. MEMBRANE PREPARATION 
Membranes were cut from the membrane sheet with a surgical razor blade at a diameter of 76 
mm using a plastic die as a guide. The cut membrane, working surface facing down, was then 
added to a plastic dish using tweezers to handle the membrane. Isopropyl alcohol was then added 
to the container to clean any contaminants from the membrane surface. The membrane was 
removed from the dish and rinsed with water after it had soaked in isopropyl alcohol for one 
hour. The dish was then rinsed and filled with water before the membrane was returned. The 
dish was sealed with a lid until use. 
 
4.6.4. POLYMER-NICKEL FEED SOLUTION PREPARATION 
The polymer-nickel feed solution was prepared in 500 mL beaker. The required volume of 1 g/L 
nickel solution was added to the empty beaker. A 100 mL graduated cylinder was then used to 
add water to bring the mixture volume to approximately 473 mL. Twenty-five mL of 1 g/L 
PAANa solution was then added to the beaker. The beaker was then placed on a magnetic stirrer 
which calmly stirred the solution. A pH meter and drops of sodium hydroxide and hydrochloric 
acid were used to adjust the solution pH to within 0.01 of the desired pH. Once the desired pH 
had stabilized the beaker was removed from the magnetic stirred and placed in a stirring machine. 
The solution was then stirred at approximately 200 rpm for two hours for the complexation 
reaction to occur. At the end of the two hour period the beaker was removed from the stirrer and 
was ready for the PEUF process.  
 
4.6.5. MEMBRANE FLUX AND SEPARATION EXPERIMENTS 
The membrane unit was loaded with the prepared membrane with working side facing toward 
the cell. Approximately 300 mL of water was added to the cell and the lid was secured for the 
flux experiments. Four small glass bottles were massed for permeate collection. The cell was 
pressurized to four pressures: approximately 0.04 MPa, 0.06 MPa, 0.08 MPa, and 0.1 MPa and 
was allowed to equilibrate for one minute. The exact pressure was then recorded and a timed 
permeate sample was taken (approximately 7 mL) at each pressure. The permeate samples 
contained in the small glass bottles were then massed again to obtain the mass of permeate. This 
procedure was repeated before and after every PEUF procedure before the membrane was 
replaced. 
 
After the initial flux experiment was conducted the water was removed from the membrane unit 
and approximately 300 mL of polymer-metal solution is added to the cell. The lid was secured 
and the membrane unit was pressurized to approximately 0.1 MPa. The first 10 mL of permeate 
(primarily water from the previous flux experiment) were collected and discarded. Immediately 
after the initial permeate was discarded three consecutive permeate samples (approximately 12 
mL) were taken in small glass bottles and the membrane unit was depressurized immediately after 
the last sample. Five volumetric test tubes were then used to collect 10 mL samples from the 
polymer-metal feed, membrane unit retentate, and the three permeate samples. These test tubes 
were then capped with ground glass stoppers and set aside for use in the nickel concentration 
experiments.   
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4.6.6. NICKEL CONCENTRATION EXPERIMENTS 
A 1 mL automatic pipette was used to add 2 mL of the ammonium citrate solution to each of the 
five test tubes from the nickel separation experiment. One mL of the iodine solution was added 
to each of the five test tubes using a 1 mL automatic pipette. Approximately 2-3 mL of water was 
then added to the test tubes before they were capped and inverted to mix the solution. Using a 
fume hood to remove hazardous vapors, 2 mL of the dimethylglyoxime solution was then added 
to each of the test tubes, via a 1 mL automatic pipette, before they were capped and inverted a 
second time. Finally, 2 mL of the Na2-EDTA solution was added to each of the test tubes using a 
1 mL automatic pipette. Water was then added to the solutions in each of the test tubes until the 
volume was exactly 25 mL (read from the volumetric test tube marking). The test tubes were then 
set aside for approximately 5 minutes. During those five minutes the UV/vis spectrometer was 
adjusted to 530 nm and zeroed against a cuvette containing water. A second cuvette (used for the 
nickel solutions) was also filled with water its absorbance difference from the zeroed cuvette was 
recorded. After five minutes the UV/vis spectrometer was used to measure and record the 
absorbance of 530 nm light for each of the five solutions contained in the test tubes. Between 
each trial the cuvette was rinsed twice by water and twice by the next nickel solution. 
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5. RESULTS AND DISCUSSION 
All experiments were conduced from October 27th to December 3rd, 2010. The average daily lab 
temperature was 18°C. A total of 42 solutions with various pHs and loading ratios were tested along 
with 84 flux measurements and 210 nickel concentration spectroscopy tests. For a full record of all 
experiments please see Appendix A-D. This chapter will outline specific results that were observed 
in meeting the project objectives while offering a brief discussion of trends and anomalies found in 
the data. 
 
5.1. EFFECT OF PH ON NICKEL REMOVAL RATE 
Results for the effect of pH on nickel removal rate are summarized below in Figure 6. 
 
 
Figure 6: Effect of pH on Nickel Removal Rate 
 
The sharp jump in removal rate observed for all loading ratios between a pH of 4 and 6 illustrates 
the strong dependence of PAANa complexing ability on pH. Removal is less than 20% when pH 
values are less than 4 and removal is most effective at pH values greater than 6. As previously 
stated pH is the most important factor in pursuing heavy metal removal from wastewater. 
 
In order to observe the interaction of nickel ions and the polyethersulfone membrane a solution of 
aqueous nickel with no PAANa was also tested and can be seen in the figure above. This test 
proved that nickel interaction with the membrane is negligible (<5%) and nickel removal is solely 
due to the addition of PAANa to the solution. Using nickel hydroxide’s solubility product, 
formation of nickel hydroxide was found to form around a pH of 8.2. This explains the sharp 
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increase in nickel removal at a pH of 9. Contrary to the stated literature, the formation of nickel 
hydroxide increased removal rates of nickel due to the visible formation of nickel hydroxide 
floccules above a pH of 8.2. Taking this into account, the increase of nickel removal rate at loading 
ratios of 3 and 2 at pH of 9 is most likely attributed to the formation of nickel hydroxide from 
uncomplexed nickel in the solution. 
 
5.2. EFFECT OF LOADING RATIO ON NICKEL REMOVAL RATE 
Results for the effect of loading ratio on nickel removal rate are summarized below in Figure 7. 
 
 
Figure 7: Effect of Loading Ratio on Nickel Removal Rate 
 
At constant pH, removal rates of nickel increase with increasing loading ratios reaching a plateau at 
a loading ratio of 4 g PAANa/g nickel. The plateau observed at the relatively high loading ratios of 
4 and 5 g PAANa/g nickel is due to the relatively low amount of nickel in the solution. At high 
loading ratios (high concentrations of PAANa, low concentrations of nickel) there is an excess of 
PAANa in solution and nickel in the solution has more than enough free complexing sites 
available. Thus, with an excess of complexation sites available, the maximum amount of nickel is 
removed. It is important to note that only loading ratios of 0, 2, 3, 4, and 5 g PAANa/g nickel 
were tested so it is impossible to accurately predict the exact optimal loading ratio. The data 
suggests that the optimal loading ratio is between 3 and 4 g PAANa/g nickel. 
 
5.3. EFFECT OF PH ON MEMBRANE FOULING 
Results for the effect of pH on membrane fouling can be seen below in Figure 8. 
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Figure 8: Effect of pH on Membrane Fouling 
 
High percentages of membrane fouling, predominantly in the range of 60 – 90% are observed 
across most pH values. This suggests that pH has a negligible effect on membrane fouling. A 
solution of PAANa and water was tested to investigate the effect of uncomplexed PAANa versus 
complexed PAANa on membrane fouling. When comparing the fouling rates for uncomplexed 
PAANa to complexed PAANa little to no difference is observed. The fouling rate for a solution of 
nickel and water only was also tested showing that nickel alone has no effect on membrane fouling, 
as expected. 
 
Interestingly, the introduction of nickel hydroxide at pH 9 was found to drastically reduce 
membrane fouling across all loading ratios. When compared to the fouling rate of uncomplexed 
PAANa and nickel alone this trend is not observed suggesting that the interaction between 
complexed nickel/PAANa and nickel hydroxide is beneficial to membrane performance. This 
effect is noticed early on (pH 8) for loading ratio of 2 and 3 g PAANa/g nickel suggesting that 
either nickel hydroxide has formed at pH 8 or the effect is slightly dependent on loading ratio. 
 
5.4. EFFECT OF LOADING RATIO ON MEMBRANE FOULING 
Results for the effect of loading ratio on membrane fouling can be seen below in Figure 9. 
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Figure 9: Effect of Loading Ratio on Membrane Fouling 
 
The consistent rates of fouling across all loading ratios greater than one suggest that fouling is due 
to the addition of PAANa to the solution, as to be expected. The large PAANa molecules can 
easily block membrane pores as they deposit over time. This was noticed in most experimental 
runs by a thin gel layer that developed on the membrane surface after the separation experiments. 
The decrease in fouling rates in loading ratios of 2 and 3 g PAANa/g nickel at pH 8, and overall 
decrease in fouling at pH 9 is noted in Figure 9 as well. 
 
5.5. BINDING CAPACITY AND EQUILIBRIUM 
Due to the fact that the reviewed literature has a relative lack of information on the binding 
capacity or equilibrium constant of PEUF, an attempt at determining these two values was made 
using a Langmuir approximation for complexation equilibrium between PAANa and nickel. Hanes 
Plots were created at each pH value and the binding capacity, equilibrium constant, as well as 
nickel denticity were evaluated. These values can be seen below in Table 7. 
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Table 7: Complexation Data for PAANa and Nickel 
pH 
Binding Capacity 
[mol Ni2+/mol PAANa] 
K [1/mM] 
Nickel Denticity [Acrylic 
Acid Groups/Ni2+] 
3 1,859 -17 171.58 
4 19,850 26 16.07 
5 68,640 -1,231 4.65 
6 110,838 -444 2.88 
7 128,678 44 2.48 
8 166,385 165 1.92 
9 221,378 493 1.44 
 
Data contained in Table 7 was calculated using the slopes and intercepts from a Hanes Plot for 
each pH (see Appendix D). In order to understand the statistical validity of these parameters the 
slope, intercept, and R2 value for each plot can be seen below in Table 8. 
 
Table 8: Hanes Plot Values 
pH 
Hanes Slope 
[1/Free Ni2+ 
mM] 
Hanes 
Intercept 
[-] 
R2 
3 322.73 -19.376 1 
4 30.227 1.1767 0.9955 
5 8.7412 -0.0071 0.995 
6 5.4133 -0.0122 0.9993 
7 4.6628 0.1054 0.9231 
8 3.6061 0.0218 0.9937 
9 2.7103 0.0055 0.874 
 
As pH increases, the binding capacity also increases. This is in accordance with the importance of 
pH in nickel removal rate discussed in section 3.2.2.4. As binding capacity increases, the denticity 
of the nickel ion is found to decrease. As heavy metals are not known to form complexes with 
coordination numbers greater than ten the denticity values of 171.58 and 16.07 at pH values of 3 
and 4 respectively is most likely due to small concentrations of nickel being stericly entrapped by 
PAANa.13 Above a pH of 5 the denticity values of nickel reach reasonable levels indicating that 
nickel ions are successfully competing with protons for available binding sites. 
 
Complexation equilibrium constant values are less clear. Several negative equilibrium constants (a 
chemical impossibility) indicate that these values should be evaluated carefully for their validity. 
Although impossible to make any definitive statements, the equilibrium constant values do increase 
from pH 7 to 9 which would agree with an increase in complexed nickel indicated by removal 
rates, binding capacity values and denticity values.  
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6. CONCLUSIONS AND RECOMMENDATIONS 
Over the length of the project all objectives pertaining to PEUF of nickel were completed. Solution 
pH and nickel removal were found to have a direct correlation. The optimal loading ratio for 
PAANa and nickel was found to be between 3 and 4 g PAANa/g nickel. Solution pH was found to 
have no effect on membrane fouling until the formation of nickel hydroxide at a pH of 9 which lead 
to decreases in fouling. Loading ratios had no effect on membrane fouling and it was discovered that 
30,000 kDa PAANa causes large decreases in membrane permeability. In addition to meeting project 
objectives the complexation of PAANa and nickel was characterized by calculating binding capacity, 
the complexation equilibrium constant, and nickel denticity at various pHs. 
 
Despite the value of these findings the investigation of PAANa as a heavy metal complexing agent is 
far from over. The following areas of research are recommended based on the findings in this 
report: 
• Replication of findings within this report 
• Nickel concentration effect on binding capacity and formation of nickel hydroxide at high 
pH values 
• PAANa concentration effect on removal rate and fouling 
• Characterization of the nickel hydroxide interaction with complexed nickel/PAANa 
• Loading ratios between 3 and 4 g PAANa/g nickel to arrive at the optimal loading ratio 
• The effect of contaminants on nickel removal rate 
With a better understanding of Polymer-Enhanced Ultrafiltration it is hoped that electroplating 
industries, as well as other heavy metal polluters, can safely and effectively meet environmental 
standards. With further research Polymer-Enhanced Ultrafiltration will aid in better environmental 
protection, increased health, and greater profitability for those who utilize it. 
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8. APPENDIX A: FLUX MEASUREMENTS 
Experiment: Test of solutions with ph 3, 4, 5, 7
Date: 20101103
Start Time: 900
End Time: 1800 9:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 3 3.99 5 7
Ni
2+
 [mg/L] 10 10 10 10
PAANa [mg/L] 50 50 50 50
Loading Ratio 5 5 5 5
H20 [mL] 445 445 445 445
Observations No Precipitation No Precipitation No Precipitation No Precipitation
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.04 13.92 21.97 8.05 0 53.59 53.59 0.1502
" 2 0.06 13.94 23.58 9.64 0 40.41 40.41 0.2386
" 3 0.08 13.94 24.70 10.76 0 33.25 33.25 0.3236
" 4 0.1 13.6 24.34 10.74 0 26.78 26.78 0.4010 Slope 4.1877 [g/s/Mpa]
Membrane 1 Final 5 0.04 13.58 15.59 2.01 0 55 55.00 0.0365
" 6 0.06 13.76 16.80 3.04 0 54.91 54.91 0.0554
" 7 0.08 13.97 17.89 3.92 0 56.03 56.03 0.0700 Fouling
" 8 0.1 13.87 18.25 4.38 0 53.35 53.35 0.0821 Slope 0.7563 [g/s/Mpa] 81.94%
Membrane 2 Initial 9 0.04 13.83 20.87 7.04 0 45.59 45.59 0.1544
" 10 0.06 13.81 23.63 9.82 0 41.1 41.10 0.2389
" 11 0.08 14.36 25.97 11.61 0 36.85 36.85 0.3151
" 12 0.1 13.82 24.06 10.24 0 26.13 26.13 0.3919 Slope 3.927 [g/s/Mpa]
Membrane 2 Final 13 0.04 13.93 16.88 2.95 0 47.59 47.59 0.0620
" 14 0.06 14.04 18.01 3.97 0 48.53 48.53 0.0818
" 15 0.08 13.74 19.32 5.58 0 50.06 50.06 0.1115 Fouling
" 16 0.1 14.06 20.63 6.57 0 49.25 49.25 0.1334 Slope 1.2195 [g/s/Mpa] 68.95%
Membrane 3 Initial 17 0.04 12.49 20.15 7.66 0 58.54 58.54 0.1309
" 18 0.06 13.61 23.55 9.94 0 48.9 48.90 0.2033
" 19 0.08 13.80 24.01 10.21 0 37.56 37.56 0.2718
" 20 0.1 13.98 24.44 10.46 0 30.69 30.69 0.3408 Slope 3.4925 [g/s/Mpa]
0.00
Membrane 3 Final 21 0.037 16.91 21.10 4.19 2 13.09 133.09 0.0315
" 22 0.06 17.48 22.76 5.28 1 44.18 104.18 0.0507
" 23 0.08 17.34 22.40 5.06 1 11.47 71.47 0.0708 Fouling
" 24 0.1 17.37 24.03 6.66 1 13.94 73.94 0.0901 Slope 0.936 [g/s/Mpa] 73.20%
Membrane 4 Initial 25 0.04 16.97 24.86 7.89 0 59.53 59.53 0.1325
" 26 0.06 17.40 28.48 11.08 0 54.4 54.40 0.2037
" 27 0.08 17.68 31.11 13.43 0 49.1 49.10 0.2735
" 28 0.1 17.51 32.86 15.35 0 45.41 45.41 0.3380 Slope 3.4316 [g/s/Mpa]
Membrane 4 Final 29 0.04 18.31 21.98 3.67 2 13.22 133.22 0.0275
" 30 0.06 17.40 22.35 4.95 2 5.5 125.50 0.0394
" 31 0.08 17.25 22.97 5.72 1 52.91 112.91 0.0507 Fouling
" 32 0.1 17.40 23.82 6.42 1 43.87 103.87 0.0618 Slope 0.57 [g/s/Mpa] 83.39%
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Experiment: Test of solutions with ph 6, 8, 9
Date: 20101109
Start Time: 900
End Time: 1700 8:00
Solution 1 Solution 2 Solution 3
pH 5.99 7.99 8.99
Ni
2+
 [mg/L] 10 10 10
PAANa [mg/L] 50 50 50
Loading Ratio 5 5 5
H20 [mL] 465 465 465
Observations No Precipitation No Precipitation No Precipitation
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.04 13.92 21.59 7.67 0 42.49 42.49 0.1805
" 2 0.06 13.94 23.47 9.53 0 33.97 33.97 0.2805
" 3 0.08 13.94 24.10 10.16 0 27.47 27.47 0.3699
" 4 0.1 13.6 23.49 9.89 0 22.60 22.60 0.4376 Slope 4.303 [g/s/Mpa]
Membrane 1 Final 5 0.04 14.04 19.59 5.55 0 45.47 45.47 0.1221
" 6 0.06 13.76 24.60 10.84 0 58.50 58.50 0.1853
" 7 0.08 13.96 24.32 10.36 0 44.00 44.00 0.2355 Fouling
" 8 0.1 13.87 23.55 9.68 0 35.64 35.64 0.2716 Slope 2.494 [g/s/Mpa] 42.04%
Membrane 2 Initial 9 0.04 13.83 23.41 9.58 0 59.69 59.69 0.1605
" 10 0.06 13.80 23.75 9.95 0 39.41 39.41 0.2525
" 11 0.08 14.36 29.30 14.94 0 43.90 43.90 0.3403
" 12 0.1 13.82 23.25 9.43 0 21.94 21.94 0.4298 Slope 4.4789 [g/s/Mpa]
Membrane 2 Final 13 0.04 13.93 18.92 4.99 2 12.12 132.12 0.0378
" 14 0.06 14.05 18.35 4.30 1 15.93 75.93 0.0566
" 15 0.08 13.74 17.92 4.18 0 57.69 57.69 0.0725 Fouling
" 16 0.1 14.06 21.00 6.94 1 19.68 79.68 0.0871 Slope 0.8191 [g/s/Mpa] 81.71%
Membrane 3 Initial 17 0.04 12.49 18.85 6.36 0 37.63 37.63 0.1690
" 18 0.0575 13.61 21.78 8.17 0 32.88 32.88 0.2485
" 19 0.08 13.80 22.05 8.25 0 23.75 23.75 0.3474
" 20 0.1 13.98 24.66 10.68 0 24.47 24.47 0.4365 Slope 4.4492 [g/s/Mpa]
0.00
Membrane 3 Final 21 0.04 16.92 25.88 8.96 1 20.41 80.41 0.1114
" 22 0.062 17.48 26.14 8.66 0 48.59 48.59 0.1782
" 23 0.08 17.34 27.21 9.87 0 43.87 43.87 0.2250 Fouling
" 24 0.1 17.37 27.32 9.95 0 37.85 37.85 0.2629 Slope 2.5363 [g/s/Mpa] 42.99%
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Experiment: Test of solutions with ph 3, 5, 7, 9 loading of 4
Date: 20101112, 15, 16
Start Time: 805
End Time: 1445 6:40
Solution 1 Solution 2 Solution 3 Solution 4
pH 3.00 5.00 7.01 9.00
Ni
2+
 [mg/L] 12.5 12.5 12.5 12.5
PAANa [mg/L] 50 50 50 50
Loading Ratio 4 4 4 4
H20 [mL] 465 465 465 465
Observations No Precipitation No Precipitation Slight Cloudiness Slight Cloudiness
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.04 13.92 20.69 6.77 0 47.00 47.00 0.1440
" 2 0.059 13.94 23.89 9.95 0 47.28 47.28 0.2104
" 3 0.085 13.94 23.90 9.96 0 33.28 33.28 0.2993
" 4 0.1 13.6 22.39 8.79 0 24.47 24.47 0.3592 Slope 3.5558 [g/s/Mpa]
0.00
Membrane 1 Final 5 0.04 14.04 18.73 4.69 1 59.13 119.13 0.0394
" 6 0.058 13.76 17.60 3.84 1 7.35 67.35 0.0570
" 7 0.081 13.96 18.45 4.49 0 59.38 59.38 0.0756 Fouling
" 8 0.1 13.87 18.55 4.68 0 51.72 51.72 0.0905 Slope 0.846 [g/s/Mpa] 76.21%
Membrane 2 Initial 9 0.041 13.83 21.93 8.10 0 52.69 52.69 0.1537
" 10 0.06 13.80 22.32 8.52 0 36.31 36.31 0.2346
" 11 0.078 14.36 23.57 9.21 0 29.78 29.78 0.3093
" 12 0.099 13.82 22.81 8.99 0 23.16 23.16 0.3882 Slope 4.0484 [g/s/Mpa]
Membrane 2 Final 13 0.0415 13.93 19.89 5.96 1 53.72 113.72 0.0524
" 14 0.059 14.04 19.67 5.63 1 17.03 77.03 0.0731
" 15 0.082 13.73 19.01 5.28 0 54.97 54.97 0.0961 Fouling
" 16 0.1 14.06 19.11 5.05 0 44.50 44.50 0.1135 Slope 1.0377 [g/s/Mpa] 74.37%
Membrane 3 Initial 17 0.0425 12.49 18.45 5.96 0 32.91 32.91 0.1811
" 18 0.061 13.61 20.25 6.64 0 24.91 24.91 0.2666
" 19 0.0785 17.49 27.83 10.34 0 29.47 29.47 0.3509
" 20 0.1 13.98 23.27 9.29 0 20.66 20.66 0.4497 Slope 4.6828 [g/s/Mpa]
0.00
Membrane 3 Final 21 0.039 16.92 23.23 6.31 1 54.50 114.50 0.0551
" 22 0.062 17.48 23.98 6.50 1 16.38 76.38 0.0851
" 23 0.082 17.34 24.82 7.48 1 7.47 67.47 0.1109 Fouling
" 24 0.1 17.37 24.99 7.62 0 58.75 58.75 0.1297 Slope 1.2322 [g/s/Mpa] 73.69%
Membrane 4 Initial 25 0.0425 16.97 26.58 9.61 0 54.06 54.06 0.1778
" 26 0.062 17.40 29.41 12.01 0 46.22 46.22 0.2598
" 27 0.0785 17.68 27.09 9.41 0 27.81 27.81 0.3384
" 28 0.1025 17.51 28.48 10.97 0 25.13 25.13 0.4365 Slope 4.3421 [g/s/Mpa]
Membrane 4 Final 29 0.04 18.31 27.00 8.69 0 56.71 56.71 0.1532
" 30 0.06 17.40 27.32 9.92 0 43.94 43.94 0.2258
" 31 0.082 17.25 27.75 10.50 0 36.37 36.37 0.2887 Fouling
" 32 0.102 17.38 27.74 10.36 0 32.00 32.00 0.3238 Slope 2.7626 [g/s/Mpa] 36.38%
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Experiment: Test of solutions with ph 4, 6, 8 loading of 4
Date: 20101117
Start Time: 915
End Time: 1600 6:45
Solution 1 Solution 2 Solution 3
pH 4.00 5.99 7.99
Ni
2+
 [mg/L] 12.5 12.5 12.5
PAANa [mg/L] 50 50 50
Loading Ratio 4 4 4
H20 [mL] 465 465 465
Observations No Precipitation Slight Cloudiness Slight Cloudiness
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.035 13.92 19.85 5.93 0 39.84 39.84 0.1488
" 2 0.06 13.94 21.92 7.98 0 30.44 30.44 0.2622
" 3 0.081 13.94 22.12 8.18 0 22.53 22.53 0.3631
" 4 0.099 13.6 23.02 9.42 0 20.94 20.94 0.4499 Slope 4.7083 [g/s/Mpa]
0.00
Membrane 1 Final 5 0.042 14.05 19.06 5.01 1 36.38 96.38 0.0520
" 6 0.0625 13.76 21.12 7.36 1 21.47 81.47 0.0903
" 7 0.079 13.97 20.37 6.40 0 57.56 57.56 0.1112 Fouling
" 8 0.099 13.88 21.86 7.98 0 59.90 59.90 0.1332 Slope 1.4139 [g/s/Mpa] 69.97%
Membrane 2 Initial 9 0.0375 13.83 22.09 8.26 0 51.59 51.59 0.1601
" 10 0.0625 13.80 24.40 10.60 0 39.84 39.84 0.2661
" 11 0.0775 14.36 25.03 10.67 0 31.87 31.87 0.3348
" 12 0.101 13.82 22.55 8.73 0 20.07 20.07 0.4350 Slope 4.3419 [g/s/Mpa]
Membrane 2 Final 13 0.041 13.93 18.47 4.54 1 49.03 109.03 0.0416
" 14 0.0615 14.05 19.60 5.55 1 30.84 90.84 0.0611
" 15 0.0825 13.73 19.57 5.84 1 11.75 71.75 0.0814 Fouling
" 16 0.101 14.06 21.93 7.87 1 21.75 81.75 0.0963 Slope 0.9173 [g/s/Mpa] 78.87%
Membrane 3 Initial 17 0.038 12.49 18.66 6.17 0 34.24 34.24 0.1802
" 18 0.0625 13.61 21.72 8.11 0 28.06 28.06 0.2890
" 19 0.078 13.80 24.82 11.02 0 29.69 29.69 0.3712
" 20 0.102 13.98 25.08 11.10 0 23.25 23.25 0.4774 Slope 4.6804 [g/s/Mpa]
0.00
Membrane 3 Final 21 0.034 16.92 25.85 8.93 2 33.34 153.34 0.0582
" 22 0.063 17.48 25.57 8.09 1 31.28 91.28 0.0886
" 23 0.082 17.34 24.70 7.36 1 7.13 67.13 0.1096 Fouling
" 24 0.101 17.37 24.70 7.33 0 55.88 55.88 0.1312 Slope 1.0878 [g/s/Mpa] 76.76%
y = 4.7083x - 0.0177
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Experiment: Test of solutions with ph 3, 5, 7, 9 loading of 3
Date: 20101118
Start Time: 840
End Time: 1700 8:20
Solution 1 Solution 2 Solution 3 Soulution 4
pH 2.99 4.99 7.01 9.00
Ni
2+
 [mg/L] 16.6 16.6 16.6 16.6
PAANa [mg/L] 50 50 50 50
Loading Ratio 3.01 3.01 3.01 3.01
H20 [mL] 463 463 463 463
Observations No Precipitation No PrecipitationSlight Cloudiness (sm. Particles)Cloudy with small floccs
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.0425 13.92 21.04 7.12 0 46.60 46.60 0.1528
" 2 0.061 13.94 22.96 9.02 0 39.50 39.50 0.2284
" 3 0.0825 13.94 22.00 8.06 0 25.87 25.87 0.3116
" 4 0.101 13.6 21.69 8.09 0 21.03 21.03 0.3847 Slope 3.9529 [g/s/Mpa]
Membrane 1 Final 5 0.0375 14.05 16.57 2.52 1 25.44 85.44 0.0295
" 6 0.06 13.79 -13.79 1 37.09 97.09 -0.1420
" 7 0.0815 13.97 18.81 4.84 1 22.69 82.69 0.0585 Fouling
" 8 0.101 13.88 19.01 5.13 1 15.28 75.28 0.0681 Slope 0.6174 [g/s/Mpa] 84.38%
Membrane 2 Initial 9 0.041 13.83 19.65 5.82 0 36.75 36.75 0.1584
" 10 0.062 13.80 19.94 6.14 0 25.00 25.00 0.2456
" 11 0.082 14.36 21.91 7.55 0 23.00 23.00 0.3283
" 12 0.103 13.82 21.09 7.27 0 17.68 17.68 0.4112 Slope 4.0831 [g/s/Mpa]
Membrane 2 Final 13 0.04 13.93 16.80 2.87 1 53.69 113.69 0.0252
" 14 0.059 14.05 18.36 4.31 1 53.88 113.88 0.0378
" 15 0.082 13.73 18.26 4.53 1 24.66 84.66 0.0535 Fouling
" 16 0.1 14.06 20.65 6.59 1 38.57 98.57 0.0669 Slope 0.6917 [g/s/Mpa] 83.06%
Membrane 3 Initial 17 0.0425 12.49 19.68 7.19 0 42.37 42.37 0.1697
" 18 0.0625 13.61 20.29 6.68 0 26.37 26.37 0.2533
" 19 0.08 13.80 25.19 11.39 0 34.07 34.07 0.3343
" 20 0.101 13.98 22.16 8.18 0 19.31 19.31 0.4236 Slope 4.3643 [g/s/Mpa]
Membrane 3 Final 21 0.043 16.92 21.05 4.13 1 47.62 107.62 0.0384
" 22 0.061 17.48 22.18 4.70 1 33.38 93.38 0.0503
" 23 0.079 17.34 22.37 5.03 1 18.75 78.75 0.0639 Fouling
" 24 0.103 17.30 22.37 5.07 1 3.56 63.56 0.0798 Slope 0.6948 [g/s/Mpa] 84.08%
Membrane 4 Initial 25 0.0425 16.97 22.49 5.52 0 35.25 35.25 0.1566
" 26 0.06 17.40 24.05 6.65 0 30.88 30.88 0.2153
x " 27 0.0825 17.68 27.32 9.64 0 30.41 30.41 0.3170
" 28 0.1 17.51 25.93 8.42 0 22.12 22.12 0.3807 Slope 3.9791 [g/s/Mpa]
Membrane 4 Final 29 0.042 18.31 25.37 7.06 0 47.44 47.44 0.1488
" 30 0.061 17.40 24.89 7.49 0 34.63 34.63 0.2163
" 31 0.0825 17.25 24.76 7.51 0 26.88 26.88 0.2794 Fouling
" 32 0.099 17.32 28.04 10.72 0 32.00 32.00 0.3350 Slope 3.2263 [g/s/Mpa] 18.92%
y = 3.9529x - 0.0143
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Experiment: Test of solutions with ph 4, 6, 8 loading of 3
Date: 20101119
Start Time: 845
End Time: 1500 6:15
Solution 1 Solution 2 Solution 3
pH 4.00 6.00 8.01
Ni
2+
 [mg/L] 16.6 16.6 16.6
PAANa [mg/L] 50 50 50
Loading Ratio 3.01 3.01 3.01
H20 [mL] 463 463 463
Observations No Precipitation Cloudy with small particulatesLarge particulates suspended
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.039 13.92 20.92 7.00 0 38 38.00 0.1842
" 2 0.065 13.94 22.78 8.84 0 28 28.00 0.3157
" 3 0.0825 13.94 23.97 10.03 0 24 24.00 0.4179
" 4 0.0985 13.6 25.00 11.40 0 23 23.00 0.4957 Slope 5.2838 [g/s/Mpa]
Membrane 1 Final 5 0.0375 14.05 19.35 5.30 1 9 69.00 0.0768
" 6 0.06 13.76 21.42 7.66 1 5 65.00 0.1178
" 7 0.084 13.97 23.01 9.04 1 2 62.00 0.1458 Fouling
" 8 0.1 13.88 23.95 10.07 1 1 61.00 0.1651 Slope 1.4283 [g/s/Mpa] 72.97%
Membrane 2 Initial 9 0.038 12.49 19.62 7.13 0 44 44.00 0.1620
" 10 0.0625 13.61 23.57 9.96 0 37 37.00 0.2692
" 11 0.082 13.80 21.17 7.37 0 21 21.00 0.3510
" 12 0.1025 13.98 24.71 10.73 0 24 24.00 0.4471 Slope 4.3974 [g/s/Mpa]
Membrane 2 Final 13 0.04 14.93 17.99 3.06 1 25 85.00 0.0360
" 14 0.06 14.05 18.90 4.85 1 11 71.00 0.0683
" 15 0.08 13.74 19.96 6.22 1 7 67.00 0.0928 Fouling
" 16 0.1 14.07 22.55 8.48 1 16 76.00 0.1116 Slope 1.2563 [g/s/Mpa] 71.43%
Membrane 3 Initial 17 0.039 13.83 20.09 6.26 0 40 40.00 0.1565
" 18 0.065 13.80 22.90 9.10 0 33 33.00 0.2758
" 19 0.081 14.36 23.80 9.44 0 28 28.00 0.3371
" 20 0.101 13.82 23.57 9.75 0 22 22.00 0.4432 Slope 4.5644 [g/s/Mpa]
Membrane 3 Final 21 0.04 16.92 24.98 8.06 1 2 62.00 0.1300
" 22 0.0615 17.48 25.56 8.08 0 40 40.00 0.2020
" 23 0.0825 17.34 26.75 9.41 0 34 34.00 0.2768 Fouling
" 24 0.102 17.37 29.27 11.90 0 36 36.00 0.3306 Slope 3.271 [g/s/Mpa] 28.34%
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Experiment: Test of solutions with Nickel alone for NiOH production effects
Date: 20101122
Start Time: 1100
End Time: 1700 6:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 5.99 7.00 7.99 9.00
Ni
2+
 [mg/L] 16.6 16.6 16.6 16.6
PAANa [mg/L] 0 0 0 0
Loading Ratio 0.00 0.00 0.00 0.00
H20 [mL] 490 490 490 490
Observations No Precipitation No Precipitation No Precipitation Slight Cloudiness
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.035 16.97 26.06 9.09 1 9 69.00 0.1317
" 2 0.064 17.4 27.87 10.47 0 43 43.00 0.2435
" 3 0.081 17.69 27.34 9.65 0 31 31.00 0.3113
" 4 0.105 17.51 28.06 10.55 0 26 26.00 0.4058 Slope 3.9177 [g/s/Mpa]
0.00
Membrane 1 Final 5 0.04 18.31 25.33 7.02 0 48 48.00 0.1463
" 6 0.0625 17.40 25.63 8.23 0 34 34.00 0.2421
" 7 0.082 17.25 25.80 8.55 0 27 27.00 0.3167 Fouling
" 8 0.1 17.38 26.10 8.72 0 23 23.00 0.3791 Slope 3.885 [g/s/Mpa] 0.83%
Membrane 2 Initial 9 0.038 12.49 19.74 7.25 0 44 44.00 0.1648
" 10 0.058 13.61 22.24 8.63 0 32 32.00 0.2697
" 11 0.0825 13.80 22.67 8.87 0 24 24.00 0.3696
" 12 0.105 13.98 23.83 9.85 0 21 21.00 0.4690 Slope 4.4826 [g/s/Mpa]
Membrane 2 Final 13 0.0375 16.92 25.60 8.68 0 54 54.00 0.1607
" 14 0.064 17.48 29.68 12.20 0 44 44.00 0.2773
" 15 0.081 17.34 29.21 11.87 0 33 33.00 0.3597 Fouling
" 16 0.1075 17.37 27.47 10.10 0 21 21.00 0.4810 Slope 4.5897 [g/s/Mpa] -2.39%
Membrane 3 Initial 17 0.0375 13.83 20.46 6.63 0 49 49.00 0.1353
" 18 0.062 13.80 21.34 7.54 0 34 34.00 0.2218
" 19 0.0825 14.36 21.70 7.34 0 24 24.00 0.3058
" 20 0.1 13.82 22.10 8.28 0 22 22.00 0.3764 Slope 3.8716 [g/s/Mpa]
Membrane 3 Final 21 0.037 13.93 21.14 7.21 0 54 54.00 0.1335
" 22 0.056 14.05 22.23 8.18 0 41 41.00 0.1995
" 23 0.083 13.73 21.37 7.64 0 25 25.00 0.3056 Fouling
" 24 0.1 14.06 22.48 8.42 0 23 23.00 0.3661 Slope 3.728 [g/s/Mpa] 3.71%
Membrane 4 Initial 25 0.04 13.92 20.83 6.91 0 48 48.00 0.1440
" 26 0.06 13.94 21.05 7.11 0 32 32.00 0.2222
x " 27 0.0815 13.94 22.10 8.16 0 27 27.00 0.3022
" 28 0.101 13.60 22.05 8.45 0 22 22.00 0.3841 Slope 3.9126 [g/s/Mpa]
Membrane 4 Final 29 0.032 14.05 21.12 7.07 0 54 54.00 0.1309
" 30 0.062 13.76 21.41 7.65 0 33 33.00 0.2318
" 31 0.079 13.97 21.60 7.63 0 26 26.00 0.2935 Fouling
" 32 0.102 13.88 21.83 7.95 0 21 21.00 0.3786 Slope 3.5367 [g/s/Mpa] 9.61%
y = 3.9177x - 0.0061
R² = 0.9999
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Experiment: Test of solutions with Nickel alone for NiOH production effects
Date: 20101123
Start Time: 850
End Time: 1600 6:10
Solution 1 Solution 2 Solution 3
pH 5.01 4.01 3.00
Ni
2+
 [mg/L] 16.6 16.6 16.6
PAANa [mg/L] 0 0 0
Loading Ratio 0.00 0.00 0.00
H20 [mL] 490 490 490
Observations No Precipitation No Precipitation No Precipitation
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.041 13.92 20.54 6.62 1 0 60.00 0.1103
" 2 0.055 13.94 22.21 8.27 0 48 48.00 0.1723
" 3 0.078 13.94 22.00 8.06 0 33 33.00 0.2442
" 4 0.101 13.6 21.28 7.68 0 25 25.00 0.3072 Slope 3.2309 [g/s/Mpa]
Membrane 1 Final 5 0.0375 14.04 20.05 6.01 0 52 52.00 0.1156
" 6 0.0625 13.76 22.18 8.42 0 44 44.00 0.1914
" 7 0.081 13.97 22.12 8.15 0 32 32.00 0.2547 Fouling
" 8 0.1 13.88 22.02 8.14 0 25 25.00 0.3256 Slope 3.3546 [g/s/Mpa] -3.83%
Membrane 1 Initial 5 0.0375 14.04 20.05 6.01 0 52 52.00 0.1156
" 6 0.0625 13.76 22.18 8.42 0 44 44.00 0.1914
" 7 0.081 13.97 22.12 8.15 0 32 32.00 0.2547
" 8 0.1 13.88 22.02 8.14 0 25 25.00 0.3256 Slope 3.3546 [g/s/Mpa]
Membrane 1 Final 9 0.037 13.83 19.65 5.82 0 52 52.00 0.1119
" 10 0.064 13.80 22.29 8.49 0 43 43.00 0.1974
" 11 0.0825 14.36 23.48 9.12 0 35 35.00 0.2606 Fouling
" 12 0.1025 13.82 21.15 7.33 0 23 23.00 0.3187 Slope 3.1796 [g/s/Mpa] 5.22%
Membrane 1 Initial 9 0.037 13.83 19.65 5.82 0 52 52.00 0.1119
" 10 0.064 13.80 22.29 8.49 0 43 43.00 0.1974
" 11 0.0825 14.36 23.48 9.12 0 35 35.00 0.2606
" 12 0.1025 13.82 21.15 7.33 0 23 23.00 0.3187 Slope 3.1796 [g/s/Mpa]
Membrane 1 Final 17 0.038 12.49 18.49 6.00 0 54 54.00 0.1111
" 18 0.06 13.61 21.02 7.41 0 42 42.00 0.1764
" 19 0.081 13.80 21.62 7.82 0 33 33.00 0.2370 Fouling
" 20 0.104 13.98 21.04 7.06 0 22 22.00 0.3209 Slope 3.1532 [g/s/Mpa] 0.83%
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Experiment: Test of PAANa Solutions for Fouling
Date: 20101123
Start Time: 930
End Time: 1500 5:30
Solution 1 Solution 2 Solution 3
pH 7.00 7.99 9.00
Ni
2+
 [mg/L] 0 0 0
PAANa [mg/L] 50 50 50
Loading Ratio - - -
H20 [mL] 473 473 473
Observations No Precipitation No Precipitation No Precipitation
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.0375 13.92 23.59 9.67 0 58 58.00 0.1667
" 2 0.064 13.94 23.45 9.51 0 34 34.00 0.2797
" 3 0.079 13.94 22.44 8.50 0 23 23.00 0.3696
" 4 0.101 13.6 23.21 9.61 0 21 21.00 0.4576 Slope 4.6576 [g/s/Mpa]
0.00
Membrane 1 Final 5 0.043 14.05 19.00 4.95 1 47 107.00 0.0463
" 6 0.058 13.76 20.17 6.41 1 34 94.00 0.0682
" 7 0.078 13.97 21.23 7.26 1 18 78.00 0.0931 Fouling
" 8 0.098 13.88 20.37 6.49 0 56 56.00 0.1159 Slope 1.2595 [g/s/Mpa] 72.96%
0.00
Membrane 2 Initial 9 0.039 13.83 19.73 5.90 0 54 54.00 0.1093
" 10 0.058 13.80 21.01 7.21 0 42 42.00 0.1717
" 11 0.0775 14.36 22.11 7.75 0 34 34.00 0.2279
" 12 0.0975 13.82 21.30 7.48 0 26 26.00 0.2877 Slope 3.033 [g/s/Mpa]
Membrane 2 Final 13 0.04 13.93 18.88 4.95 2 12 132.00 0.0375
" 14 0.058 14.05 20.04 5.99 1 43 103.00 0.0582
" 15 0.078 13.73 19.89 6.16 1 14 74.00 0.0832 Fouling
" 16 0.098 14.06 20.06 6.00 0 58 58.00 0.1034 Slope 1.1488 [g/s/Mpa] 62.12%
Membrane 3 Initial 17 0.041 12.49 20.42 7.93 0 52 52.00 0.1525
" 18 0.059 13.61 23.24 9.63 0 43 43.00 0.2240
" 19 0.078 13.80 22.39 8.59 0 30 30.00 0.2863
" 20 0.0975 13.98 20.87 6.89 0 19 19.00 0.3626 Slope 3.6747 [g/s/Mpa]
Membrane 3 Final 21 0.04 16.92 25.37 8.45 2 12 132.00 0.0640
" 22 0.0625 17.48 27.81 10.33 1 40 100.00 0.1033
" 23 0.086 17.34 27.95 10.61 1 20 80.00 0.1326 Fouling
" 24 0.106 17.37 28.33 10.96 1 11 71.00 0.1544 Slope 1.3589 [g/s/Mpa] 63.02%
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Experiment: Test of PAANa Solutions for Fouling
Date: 20101123
Start Time: 1030
End Time: 1500 4:30
Solution 1 Solution 2 Solution 3 Solution 4
pH 3.00 4.00 4.99 6.00
Ni
2+
 [mg/L] 0 0 0 0
PAANa [mg/L] 50 50 50 50
Loading Ratio - - - -
H20 [mL] 473 473 473 473
Observations No Precipitation No Precipitation No Precipitation No Precipitation
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.04 13.92 22.21 8.29 0 54 54.00 0.1535
" 2 0.059 13.94 21.87 7.93 0 33 33.00 0.2403
" 3 0.0775 13.94 22.33 8.39 0 26 26.00 0.3227
" 4 0.101 13.6 22.20 8.60 0 21 21.00 0.4095 Slope 4.208 [g/s/Mpa]
0.00 0.00
Membrane 1 Final 5 0.04 14.05 19.31 5.26 1 35 95.00 0.0554
" 6 0.06 13.76 19.19 5.43 1 9 69.00 0.0787
" 7 0.083 13.97 20.59 6.62 1 5 65.00 0.1018 Fouling
" 8 0.107 13.88 19.14 5.26 0 44 44.00 0.1195 Slope 0.9592 [g/s/Mpa] 77.21%
0.00
Membrane 2 Initial 9 0.039 13.83 21.01 7.18 0 55 55.00 0.1305
" 10 0.058 13.80 22.77 8.97 0 46 46.00 0.1950
" 11 0.079 14.36 23.06 8.70 0 32 32.00 0.2719
" 12 0.099 13.82 22.70 8.88 0 27 27.00 0.3289 Slope 3.3431 [g/s/Mpa]
Membrane 2 Final 13 0.0425 13.93 19.66 5.73 1 34 94.00 0.0610
" 14 0.063 14.04 20.20 6.16 1 9 69.00 0.0893
" 15 0.083 13.73 20.60 6.87 1 1 61.00 0.1126 Fouling
" 16 0.102 14.06 20.34 6.28 0 46 46.00 0.1365 Slope 1.2601 [g/s/Mpa] 62.31%
Membrane 3 Initial 17 0.047 12.49 21.09 8.60 0 51 51.00 0.1686
" 18 0.0625 13.61 21.18 7.57 0 31 31.00 0.2442
" 19 0.081 13.80 21.31 7.51 0 25 25.00 0.3004
" 20 0.101 13.98 22.29 8.31 0 22 22.00 0.3777 Slope 3.7741 [g/s/Mpa]
Membrane 3 Final 21 0.0425 16.92 26.18 9.26 1 34 94.00 0.0985
" 22 0.064 17.48 27.40 9.92 1 8 68.00 0.1459
" 23 0.084 17.34 27.99 10.65 1 1 61.00 0.1746 Fouling
" 24 0.1 17.37 26.12 8.75 0 46 46.00 0.1902 Slope 1.5947 [g/s/Mpa] 57.75%
Membrane 4 Initial 25 0.038 12.49 18.49 6.00 0 54 54.00 0.1111
" 26 0.06 13.61 21.02 7.41 0 42 42.00 0.1764
x " 27 0.081 13.80 21.62 7.82 0 33 33.00 0.2370
" 28 0.104 13.98 21.04 7.06 0 22 22.00 0.3209 Slope 3.1532 [g/s/Mpa]
Membrane 4 Final 29 0.038 13.93 19.45 5.52 1 28 88.00 0.0627
" 30 0.061 14.04 19.67 5.63 0 55 55.00 0.1024
" 31 0.084 13.73 19.67 5.94 0 43 43.00 0.1381 Fouling
" 32 0.1025 14.06 20.44 6.38 0 38 38.00 0.1679 Slope 1.6233 [g/s/Mpa] 48.52%
y = 4.208x - 0.0104
R² = 0.9972
0.0
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.4
0.5
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (1)
y = 0.9592x + 0.0193
R² = 0.9902
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (2)
y = 3.3431x + 0.0017
R² = 0.9976
0.0
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (3)
y = 1.2601x + 0.0083
R² = 0.9989
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.2
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (4)
y = 3.7741x - 0.0023
R² = 0.993
0.0
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.4
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (5)
y = 1.5947x + 0.0365
R² = 0.9719
0.0
0.1
0.1
0.2
0.2
0.3
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (6)
y = 3.1532x - 0.0117
R² = 0.9968
0.0
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (7)
y = 1.6233x + 0.0019
R² = 0.9995
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.2
0.2
0 0.05 0.1 0.15
M
a
s
s
 
F
l
o
w
 
[
g
/
s
]
Pressure [MPa]
Mass Flow vs. P (8)
 
A-11 | Page 
 
Experiment: Test of Loading Ratio 2 pH 3, 5, 7, 9
Date: 20101129
Start Time: 850
End Time: 1700 8:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 3.01 4.99 7.00 9.00
Ni
2+
 [mg/L] 25 25 25 25
PAANa [mg/L] 50 50 50 50
Loading Ratio 2.00 2.00 2.00 2.00
H20 [mL] 460 460 460 460
Observations No Precipitation No PrecipitationCloudy with small particulatesVery Cloudy with small flocs
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.0375 13.92 21.83 7.91 0 55 55.00 0.1438
" 2 0.06 13.94 22.23 8.29 0 36 36.00 0.2303
" 3 0.081 13.95 21.85 7.90 0 24 24.00 0.3292
" 4 0.1025 13.6 21.60 8.00 0 20 20.00 0.4000 Slope 4.0151 [g/s/Mpa]
Membrane 1 Final 5 0.04 14.05 17.27 3.22 2 2 122.00 0.0264
" 6 0.063 13.76 17.80 4.04 1 40 100.00 0.0404
" 7 0.082 13.97 19.06 5.09 1 45 105.00 0.0485 Fouling
" 8 0.105 13.88 18.23 4.35 1 12 72.00 0.0604 Slope 0.5157 [g/s/Mpa] 87.16%
Membrane 2 Initial 9 0.04 17.51 25.71 8.20 0 59 59.00 0.1390
" 10 0.06 13.80 21.51 7.71 0 37 37.00 0.2084
" 11 0.082 14.36 21.99 7.63 0 27 27.00 0.2826
" 12 0.101 13.82 20.66 6.84 0 19 19.00 0.3600 Slope 3.5931 [g/s/Mpa]
Membrane 2 Final 13 0.0425 13.93 16.86 2.93 1 44 104.00 0.0282
" 14 0.063 14.05 20.13 6.08 2 19 139.00 0.0437
" 15 0.083 13.74 17.92 4.18 1 13 73.00 0.0573 Fouling
" 16 0.1025 14.07 18.31 4.24 1 1 61.00 0.0695 Slope 0.688 [g/s/Mpa] 80.85%
Membrane 3 Initial 17 0.036 12.49 19.70 7.21 0 51 51.00 0.1414
" 18 0.057 13.61 21.22 7.61 0 33 33.00 0.2306
" 19 0.078 13.80 21.15 7.35 0 24 24.00 0.3063
" 20 0.1025 13.98 20.77 6.79 0 16 16.00 0.4244 Slope 4.2015 [g/s/Mpa]
Membrane 3 Final 21 0.034 16.92 23.88 6.96 1 8 68.00 0.1024
" 22 0.058 17.48 28.93 11.45 1 3 63.00 0.1817
" 23 0.079 17.34 31.18 13.84 1 1 61.00 0.2269 Fouling
" 24 0.102 17.37 33.14 15.77 1 3 63.00 0.2503 Slope 2.179 [g/s/Mpa] 48.14%
Membrane 4 Initial 25 0.039 16.97 25.04 8.07 0 51 51.00 0.1582
" 26 0.06 17.40 28.78 11.38 0 45 45.00 0.2529
x " 27 0.0825 17.69 -17.69 0 32 32.00 -0.5528
" 28 0.1025 17.51 29.11 11.60 0 26 26.00 0.4462 Slope 4.5361 [g/s/Mpa]
Membrane 4 Final 29 0.0375 18.31 26.85 8.54 1 1 61.00 0.1400
" 30 0.058 17.40 31.74 14.34 1 1 61.00 0.2351
" 31 0.0835 17.25 29.13 11.88 0 35 35.00 0.3394 Fouling
" 32 0.107 17.38 30.66 13.28 0 31 31.00 0.4284 Slope 4.1376 [g/s/Mpa] 8.79%
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Experiment: Test of Loading Ratio 2 pH  4, 6, 8
Date: 20101202
Start Time: 1015
End Time: 1700 7:15
Solution 1 Solution 2 Solution 3
pH 4.01 6.01 8.01
Ni
2+
 [mg/L] 25 25 25
PAANa [mg/L] 50 50 50
Loading Ratio 2.00 2.00 2.00
H20 [mL] 460 460 460
Observations No Precipitation Slighly cloudy with sm. ParticulatesCloudy with small particulates
Notes Bottle # Pressure [MPa] m0 [g] mf [g] (mf-m0) [g] Time [min] Time [sec] Total Time [sec] Water Flow Rate [g/s]
Membrane 1 Initial 1 0.038 13.92 21.24 7.32 0 44 44.00 0.1664
" 2 0.059 13.94 21.68 7.74 0 30 30.00 0.2580
" 3 0.079 13.94 21.52 7.58 0 22 22.00 0.3445
" 4 0.1 13.6 20.68 7.08 0 16 16.00 0.4425 Slope 4.4419 [g/s/Mpa]
Membrane 1 Final 5 0.0425 14.05 19.30 5.25 1 13 73.00 0.0719
" 6 0.0625 13.76 19.93 6.17 1 1 61.00 0.1011
" 7 0.082 13.97 20.41 6.44 0 50 50.00 0.1288 Fouling
" 8 0.101 13.88 22.10 8.22 0 57 57.00 0.1442 Slope 1.4776 [g/s/Mpa] 66.73%
Membrane 2 Initial 9 0.038 17.51 23.67 6.16 0 58 58.00 0.1062
" 10 0.059 13.80 21.19 7.39 0 43 43.00 0.1719
" 11 0.079 14.36 22.20 7.84 0 33 33.00 0.2376
" 12 0.1 13.82 20.73 6.91 0 23 23.00 0.3004 Slope 3.1471 [g/s/Mpa]
Membrane 2 Final 13 0.04 13.93 19.73 5.80 1 3 63.00 0.0921
" 14 0.062 14.05 21.96 7.91 1 1 61.00 0.1297
" 15 0.0825 13.73 20.13 6.40 0 50 50.00 0.1280 Fouling
" 16 0.107 14.06 20.63 6.57 0 50 50.00 0.1314 Slope 0.5208 [g/s/Mpa] 83.45%
Membrane 3 Initial 17 0.036 13.92 20.69 6.77 9 1 541.00 0.0125
" 18 0.059 13.94 20.69 6.75 4 58 298.00 0.0227
" 19 0.084 13.94 24.60 10.66 5 6 306.00 0.0348
" 20 0.105 13.59 19.93 6.34 2 20 140.00 0.0453 Slope 0.4762 [g/s/Mpa]
Membrane 3 Final 21 0.034 14.04 21.52 7.48 11 1 661.00 0.0113
" 22 0.064 13.76 21.83 8.07 5 31 331.00 0.0244
" 23 0.084 13.96 23.22 9.26 4 24 264.00 0.0351 Fouling
" 24 0.108 13.87 19.93 6.06 2 9 129.00 0.0470 Slope 0.4846 [g/s/Mpa] -1.76%
y = 4.4419x - 0.0036
R² = 0.9997
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9. APPENDIX B: CONCENTRATION MEASUREMENTS 
Experiment: Spectrographic Results from 1101 Membrane Tests
Date: 20101102
Start Time: 900
End Time: 1230 3:30
Solution 1 Solution 2 Solution 3 Solution 4
pH 2.99 4.99 6.99 6.99
Ni
2+
 [mg/L] 50 50 50 50
PAANa [mg/L] 50 50 50 50
Loading Ratio 1 1 1 1
H20 [mL] 445 445 445 445
Observations No Precipitation No Precipitation Lots of Precipitation Some Precipitation
Δ Cuvette Abs. 0.000
Standard Slope 9.973 [μg/mL/abs]
Std. Intercept -0.046 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 2.072 2.072 20.62 515.5 10.0 51.55 Solution Concentration 52.67 [μg/mL]
1.2 2.041 2.041 20.31 507.7 10.0 50.77 Average Permeate Concentration 50.65 [μg/mL]
1.3 1.995 1.995 19.85 496.3 10.0 49.63 Retentate Increase in Concentration 0.30 [μg/mL]
1.R 2.129 2.129 21.19 529.7 10.0 52.97 % Removal 3.8%
1.B 2.117 2.117 21.07 526.7 10.0 52.67
Solution 2
2.1 1.520 1.520 15.11 377.8 10.0 37.78 Solution Concentration 51.25 [μg/mL]
2.2 1.447 1.447 14.38 359.6 10.0 35.96 Average Permeate Concentration 37.28 [μg/mL]
2.3 1.533 1.533 15.24 381.1 10.0 38.11 Retentate Increase in Concentration 3.14 [μg/mL]
2.R 2.186 2.186 21.76 543.9 10.0 54.39 % Removal 27.2%
2.B 2.060 2.060 20.50 512.5 10.0 51.25
Solution 3
3.1 1.376 1.376 13.68 341.9 10.0 34.19 Solution Concentration 50.65 [μg/mL]
3.2 1.392 1.392 13.84 345.9 10.0 34.59 Average Permeate Concentration 34.57 [μg/mL]
3.3 1.406 1.406 13.98 349.4 10.0 34.94 Retentate Increase in Concentration 10.72 [μg/mL]
3.R 2.466 2.466 24.55 613.7 10.0 61.37 % Removal 31.7%
3.B 2.036 2.036 20.26 506.5 10.0 50.65
Solution 4
4.1 1.477 1.477 14.68 367.1 11.0 33.37 Solution Concentration 52.19 [μg/mL]
4.2 1.507 1.507 14.98 374.6 10.0 37.46 Average Permeate Concentration 36.59 [μg/mL]
4.3 1.566 1.566 15.57 389.3 10.0 38.93 Retentate Increase in Concentration -0.35 [μg/mL]
4.R 2.084 2.084 20.74 518.4 10.0 51.84 % Removal 29.9%
4.B 2.098 2.098 20.88 521.9 10.0 52.19
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Spectrographic Results from 1103 Membrane Tests
Date: 20101104
Start Time: 930
End Time: 1230 3:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 3 3.99 5 7
Ni
2+
 [mg/L] 10 10 10 10
PAANa [mg/L] 50 50 50 50
Loading Ratio 5 5 5 5
H20 [mL] 445 445 445 445
Observations No Precipitation No Precipitation No Precipitation No Precipitation
Δ Cuvette Abs. 0.000
Standard Slope 9.973 [μg/mL/abs]
Std. Intercept -0.046 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.431 0.431 4.25 106.3 10.0 10.63 Solution Concentration 10.76 [μg/mL]
1.2 0.424 0.424 4.18 104.6 10.0 10.46 Average Permeate Concentration 10.48 [μg/mL]
1.3 0.420 0.420 4.14 103.6 10.0 10.36 Retentate Increase in Concentration -0.15 [μg/mL]
1.R 0.430 0.430 4.24 106.1 10.0 10.61 % Removal 2.5%
1.B 0.436 0.436 4.30 107.6 10.0 10.76
Solution 2
2.1 0.365 0.365 3.59 89.9 10.0 8.99 Solution Concentration 10.41 [μg/mL]
2.2 0.347 0.347 3.41 85.4 10.0 8.54 Average Permeate Concentration 8.78 [μg/mL]
2.3 0.358 0.358 3.52 88.1 10.0 8.81 Retentate Increase in Concentration 0.62 [μg/mL]
2.R 0.447 0.447 4.41 110.3 10.0 11.03 % Removal 15.7%
2.B 0.422 0.422 4.16 104.1 10.0 10.41
Solution 3
3.1 0.158 0.158 1.53 38.2 10.0 3.82 Solution Concentration 10.08 [μg/mL]
3.2 0.166 0.166 1.61 40.2 10.0 4.02 Average Permeate Concentration 3.97 [μg/mL]
3.3 0.168 0.168 1.63 40.7 10.0 4.07 Retentate Increase in Concentration 0.95 [μg/mL]
3.R 0.447 0.447 4.41 110.3 10.0 11.03 % Removal 60.6%
3.B 0.409 0.409 4.03 100.8 10.0 10.08
Solution 4
4.1 0.018 0.018 0.13 3.3 10.0 0.33 Solution Concentration 10.48 [μg/mL]
4.2 0.014 0.014 0.09 2.3 10.0 0.23 Average Permeate Concentration 0.25 [μg/mL]
4.3 0.012 0.012 0.07 1.8 10.0 0.18 Retentate Increase in Concentration 0.95 [μg/mL]
4.R 0.463 0.463 4.57 114.3 10.0 11.43 % Removal 97.6%
4.B 0.425 0.425 4.19 104.8 10.0 10.48
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Spectrographic Results from 1109 Membrane Tests
Date: 20101109
Start Time: 1600
End Time: 1800 2:00
Solution 1 Solution 2 Solution 3
pH 5.99 7.99 8.99
Ni
2+
 [mg/L] 10 10 10
PAANa [mg/L] 50 50 50
Loading Ratio 5 5 5
H20 [mL] 465 465 465
Observations No Precipitation No Precipitation No Precipitation
Δ Cuvette Abs. 0.000
Standard Slope 9.973 [μg/mL/abs]
Std. Intercept -0.046 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.014 0.014 0.09 2.3 10.0 0.23 Solution Concentration 10.38 [μg/mL]
1.2 0.014 0.014 0.09 2.3 10.0 0.23 Average Permeate Concentration 0.23 [μg/mL]
1.3 0.013 0.013 0.08 2.1 10.0 0.21 Retentate Increase in Concentration 1.20 [μg/mL]
1.R 0.469 0.469 4.63 115.8 10.0 11.58 % Removal 97.8%
1.B 0.421 0.421 4.15 103.8 10.0 10.38
Solution 2
2.1 0.009 0.009 0.04 1.1 10.0 0.11 Solution Concentration 10.08 [μg/mL]
2.2 0.008 0.008 0.03 0.8 10.0 0.08 Average Permeate Concentration 0.08 [μg/mL]
2.3 0.007 0.007 0.02 0.6 10.0 0.06 Retentate Increase in Concentration 1.35 [μg/mL]
2.R 0.463 0.463 4.57 114.3 10.0 11.43 % Removal 99.2%
2.B 0.409 0.409 4.03 100.8 10.0 10.08
Solution 3
3.1 0.007 0.007 0.02 0.6 10.0 0.06 Solution Concentration 10.06 [μg/mL]
3.2 0.007 0.007 0.02 0.6 10.0 0.06 Average Permeate Concentration 0.05 [μg/mL]
3.3 0.006 0.006 0.01 0.3 10.0 0.03 Retentate Increase in Concentration 0.62 [μg/mL]
3.R 0.433 0.433 4.27 106.8 10.0 10.68 % Removal 99.5%
3.B 0.408 0.408 4.02 100.6 10.0 10.06
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with ph 3, 5, 7, 9 loading of 4
Date: 20101112, 16
Start Time: 805
End Time: 1445 6:40
Solution 1 Solution 2 Solution 3 Solution 4
pH 3.00 5.00 7.01 9.00
Ni
2+
 [mg/L] 12.5 12.5 12.5 12.5
PAANa [mg/L] 50 50 50 50
Loading Ratio 4 4 4 4
H20 [mL] 465 465 465 465
Observations No Precipitation No Precipitation Slight Cloudiness Slight Cloudiness
Δ Cuvette Abs. 0.000
Standard Slope 10.0880 [μg/mL/abs]
Std. Intercept -0.0346 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.502 0.502 5.03 125.7 10.0 12.57 Solution Concentration 12.85 [μg/mL]
1.2 0.510 0.510 5.11 127.8 10.0 12.78 Average Permeate Concentration 12.60 [μg/mL]
1.3 0.497 0.497 4.98 124.5 10.0 12.45 Retentate Increase in Concentration 0.43 [μg/mL]
1.R 0.530 0.530 5.31 132.8 10.0 13.28 % Removal 2.0%
1.B 0.513 0.513 5.14 128.5 10.0 12.85
Solution 2
2.1 0.192 0.192 1.90 47.6 10.0 4.76 Solution Concentration 12.75 [μg/mL]
2.2 0.188 0.188 1.86 46.5 10.0 4.65 Average Permeate Concentration 4.72 [μg/mL]
2.3 0.192 0.192 1.90 47.6 10.0 4.76 Retentate Increase in Concentration 0.98 [μg/mL]
2.R 0.548 0.548 5.49 137.3 10.0 13.73 % Removal 63.0%
2.B 0.509 0.509 5.10 127.5 10.0 12.75
Solution 3
3.1 0.025 0.025 0.22 5.4 10.0 0.54 Solution Concentration 12.78 [μg/mL]
3.2 0.023 0.023 0.20 4.9 10.0 0.49 Average Permeate Concentration 0.44 [μg/mL]
3.3 0.015 0.015 0.12 2.9 10.0 0.29 Retentate Increase in Concentration 1.01 [μg/mL]
3.R 0.550 0.550 5.51 137.8 10.0 13.78 % Removal 96.5%
3.B 0.510 0.510 5.11 127.8 10.0 12.78
Solution 4
4.1 0.008 0.008 0.05 1.2 10.0 0.12 Solution Concentration 12.57 [μg/mL]
4.2 0.010 0.010 0.07 1.7 10.0 0.17 Average Permeate Concentration 0.19 [μg/mL]
4.3 0.015 0.015 0.12 2.9 10.0 0.29 Retentate Increase in Concentration 0.35 [μg/mL]
4.R 0.516 0.516 5.17 129.3 10.0 12.93 % Removal 98.5%
4.B 0.502 0.502 5.03 125.7 10.0 12.57
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with ph 4, 6, 8 loading of 4
Date: 20101117
Start Time: 915
End Time: 1600 6:45
Solution 1 Solution 2 Solution 3
pH 4.00 5.99 7.99
Ni
2+
 [mg/L] 12.5 12.5 12.5
PAANa [mg/L] 50 50 50
Loading Ratio 4 4 4
H20 [mL] 465 465 465
Observations No Precipitation Slight Cloudiness Slight Cloudiness
Δ Cuvette Abs. -0.008
Standard Slope 10.0880 [μg/mL/abs]
Std. Intercept -0.0346 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.468 0.476 4.77 119.2 10.0 11.92 Solution Concentration 13.18 [μg/mL]
1.2 0.457 0.465 4.66 116.4 10.0 11.64 Average Permeate Concentration 11.61 [μg/mL]
1.3 0.442 0.450 4.51 112.6 10.0 11.26 Retentate Increase in Concentration 0.33 [μg/mL]
1.R 0.531 0.539 5.40 135.1 10.0 13.51 % Removal 11.9%
1.B 0.518 0.526 5.27 131.8 10.0 13.18
Solution 2
2.1 0.028 0.036 0.33 8.2 10.0 0.82 Solution Concentration 12.52 [μg/mL]
2.2 0.024 0.032 0.29 7.2 10.0 0.72 Average Permeate Concentration 0.69 [μg/mL]
2.3 0.016 0.024 0.21 5.2 10.0 0.52 Retentate Increase in Concentration 0.48 [μg/mL]
2.R 0.511 0.519 5.20 130.0 10.0 13.00 % Removal 94.5%
2.B 0.492 0.500 5.01 125.2 10.0 12.52
Solution 3
3.1 0.026 0.034 0.31 7.7 10.0 0.77 Solution Concentration 12.85 [μg/mL]
3.2 0.024 0.032 0.29 7.2 10.0 0.72 Average Permeate Concentration 0.71 [μg/mL]
3.3 0.021 0.029 0.26 6.4 10.0 0.64 Retentate Increase in Concentration -0.20 [μg/mL]
3.R 0.497 0.505 5.06 126.5 10.0 12.65 % Removal 94.5%
3.B 0.505 0.513 5.14 128.5 10.0 12.85
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with ph 3, 5, 7, 9 loading of 3
Date: 20101118
Start Time: 840
End Time: 1700 8:20
Solution 1 Solution 2 Solution 3 Soulution 4
pH 2.99 4.99 7.01 9.00
Ni
2+
 [mg/L] 16.6 16.6 16.6 16.6
PAANa [mg/L] 50 50 50 50
Loading Ratio 3.01 3.01 3.01 3.01
H20 [mL] 463 463 463 463
Observations No Precipitation No Precipitation Slight Cloudiness (sm. Particles) Cloudy with small floccs
Old New
Δ Cuvette Abs. 0.009 0.000
Standard Slope 10.0880 [μg/mL/abs] 10.0270 [μg/mL/abs]
Std. Intercept -0.0346 [μg/mL] -0.0396 [μg/mL]
Ttl Mix Volume 25 [mL] 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.731 0.722 7.25 181.2 10.0 18.12 Solution Concentration 17.97 [μg/mL]
1.2 0.713 0.704 7.07 176.7 10.0 17.67 Average Permeate Concentration 17.74 [μg/mL]
1.3 0.704 0.695 6.98 174.4 10.0 17.44 Retentate Increase in Concentration -0.03 [μg/mL]
1.R 0.724 0.715 7.18 179.5 10.0 17.95 % Removal 1.3%
1.B 0.725 0.716 7.19 179.7 10.0 17.97
Solution 2
2.1 0.430 0.421 4.21 105.3 10.0 10.53 Solution Concentration 16.71 [μg/mL]
2.2 0.404 0.395 3.95 98.8 10.0 9.88 Average Permeate Concentration 10.22 [μg/mL]
2.3 0.419 0.410 4.10 102.5 10.0 10.25 Retentate Increase in Concentration 0.63 [μg/mL]
2.R 0.700 0.691 6.94 173.4 10.0 17.34 % Removal 38.8%
2.B 0.675 0.666 6.68 167.1 10.0 16.71
Solution 3
3.1 0.217 0.208 2.05 51.2 10.0 5.12 Solution Concentration 17.42 [μg/mL]
3.2 0.214 0.205 2.02 50.4 10.0 5.04 Average Permeate Concentration 4.92 [μg/mL]
3.3 0.197 0.188 1.85 46.1 10.0 4.61 Retentate Increase in Concentration -1.43 [μg/mL]
3.R 0.651 0.642 6.40 159.9 10.0 15.99 % Removal 71.7%
3.B 0.708 0.699 6.97 174.2 10.0 17.42
Solution 4
4.1 0.068 0.059 0.55 13.8 10.0 1.38 Solution Concentration 17.15 [μg/mL]
4.2 0.057 0.048 0.44 11.0 10.0 1.10 Average Permeate Concentration 1.28 [μg/mL]
4.3 0.067 0.058 0.54 13.5 10.0 1.35 Retentate Increase in Concentration -1.33 [μg/mL]
4.R 0.644 0.635 6.33 158.2 10.0 15.82 % Removal 92.5%
4.B 0.697 0.688 6.86 171.5 10.0 17.15
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with ph 4, 6, 8 loading of 3
Date: 20101119
Start Time: 845
End Time: 1500 6:15
Solution 1 Solution 2 Solution 3
pH 4.00 6.00 8.01
Ni
2+
 [mg/L] 16.6 16.6 16.6
PAANa [mg/L] 50 50 50
Loading Ratio 3.01 3.01 3.01
H20 [mL] 463 463 463
Observations No Precipitation Cloudy with small particulates Large particulates suspended
Δ Cuvette Abs. 0.002
Standard Slope 10.0270 [μg/mL/abs]
Std. Intercept -0.0396 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.679 0.677 6.75 168.7 10.0 16.87 Solution Concentration 17.62 [μg/mL]
1.2 0.646 0.644 6.42 160.4 10.0 16.04 Average Permeate Concentration 15.96 [μg/mL]
1.3 0.603 0.601 5.99 149.7 10.0 14.97 Retentate Increase in Concentration 0.80 [μg/mL]
1.R 0.741 0.739 7.37 184.3 10.0 18.43 % Removal 9.4%
1.B 0.709 0.707 7.05 176.2 10.0 17.62
Solution 2
2.1 0.209 0.207 2.04 50.9 10.0 5.09 Solution Concentration 16.12 [μg/mL]
2.2 0.146 0.144 1.40 35.1 10.0 3.51 Average Permeate Concentration 4.01 [μg/mL]
2.3 0.143 0.141 1.37 34.4 10.0 3.44 Retentate Increase in Concentration 0.78 [μg/mL]
2.R 0.680 0.678 6.76 169.0 10.0 16.90 % Removal 75.1%
2.B 0.649 0.647 6.45 161.2 10.0 16.12
Solution 3
3.1 0.145 0.143 1.39 34.9 10.0 3.49 Solution Concentration 16.55 [μg/mL]
3.2 0.155 0.153 1.49 37.4 10.0 3.74 Average Permeate Concentration 3.64 [μg/mL]
3.3 0.154 0.152 1.48 37.1 10.0 3.71 Retentate Increase in Concentration -0.93 [μg/mL]
3.R 0.629 0.627 6.25 156.2 10.0 15.62 % Removal 78.0%
3.B 0.666 0.664 6.62 165.5 10.0 16.55
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with Nickel alone for NiOH production effects
Date: 20101122
Start Time: 1100
End Time: 1700 6:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 5.99 7.00 7.99 9.00
Ni
2+
 [mg/L] 16.6 16.6 16.6 16.6
PAANa [mg/L] 0 0 0 0
Loading Ratio 0.00 0.00 0.00 0.00
H20 [mL] 490 490 490 490
Observations No Precipitation No Precipitation No Precipitation Slight Cloudiness
Δ Cuvette Abs. 0.013
Standard Slope 10.0270 [μg/mL/abs]
Std. Intercept -0.0396 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.681 0.668 6.66 166.5 10.0 16.65 Solution Concentration 17.67 [μg/mL]
1.2 0.689 0.676 6.74 168.5 10.0 16.85 Average Permeate Concentration 16.80 [μg/mL]
1.3 0.692 0.679 6.77 169.2 10.0 16.92 Retentate Increase in Concentration -0.83 [μg/mL]
1.R 0.689 0.676 6.74 168.5 10.0 16.85 % Removal 4.9%
1.B 0.722 0.709 7.07 176.7 10.0 17.67
Solution 2
2.1 0.659 0.646 6.44 160.9 10.0 16.09 Solution Concentration 16.92 [μg/mL]
2.2 0.674 0.661 6.59 164.7 10.0 16.47 Average Permeate Concentration 16.43 [μg/mL]
2.3 0.684 0.671 6.69 167.2 10.0 16.72 Retentate Increase in Concentration -0.13 [μg/mL]
2.R 0.687 0.674 6.72 168.0 10.0 16.80 % Removal 2.9%
2.B 0.692 0.679 6.77 169.2 10.0 16.92
Solution 3
3.1 0.681 0.668 6.66 166.5 10.0 16.65 Solution Concentration 17.25 [μg/mL]
3.2 0.667 0.654 6.52 163.0 10.0 16.30 Average Permeate Concentration 16.55 [μg/mL]
3.3 0.684 0.671 6.69 167.2 10.0 16.72 Retentate Increase in Concentration -0.30 [μg/mL]
3.R 0.693 0.680 6.78 169.5 10.0 16.95 % Removal 4.0%
3.B 0.705 0.692 6.90 172.5 10.0 17.25
Solution 4
4.1 0.126 0.113 1.09 27.3 10.0 2.73 Solution Concentration 14.52 [μg/mL]
4.2 0.126 0.113 1.09 27.3 10.0 2.73 Average Permeate Concentration 2.76 [μg/mL]
4.3 0.129 0.116 1.12 28.1 10.0 2.81 Retentate Increase in Concentration 1.96 [μg/mL]
4.R 0.674 0.661 6.59 164.7 10.0 16.47 % Removal 81.0%
4.B 0.596 0.583 5.81 145.2 10.0 14.52
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of solutions with Nickel alone for NiOH production effects
Date: 20101123
Start Time: 850
End Time: 1600 6:10
Solution 1 Solution 2 Solution 3
pH 5.01 4.01 3.00
Ni
2+
 [mg/L] 16.6 16.6 16.6
PAANa [mg/L] 0 0 0
Loading Ratio 0.00 0.00 0.00
H20 [mL] 490 490 490
Observations No Precipitation No Precipitation No Precipitation
Δ Cuvette Abs. 0.000
Standard Slope 10.0270 [μg/mL/abs]
Std. Intercept -0.0396 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 0.683 0.683 6.81 170.2 10.0 17.02 Solution Concentration 17.67 [μg/mL]
1.2 0.684 0.684 6.82 170.5 10.0 17.05 Average Permeate Concentration 17.12 [μg/mL]
1.3 0.694 0.694 6.92 173.0 10.0 17.30 Retentate Increase in Concentration -0.03 [μg/mL]
1.R 0.708 0.708 7.06 176.5 10.0 17.65 % Removal 3.1%
1.B 0.709 0.709 7.07 176.7 10.0 17.67
Solution 2
2.1 0.743 0.743 7.41 185.3 10.0 18.53 Solution Concentration 18.15 [μg/mL]
2.2 0.724 0.724 7.22 180.5 10.0 18.05 Average Permeate Concentration 18.22 [μg/mL]
2.3 0.725 0.725 7.23 180.7 10.0 18.07 Retentate Increase in Concentration 0.38 [μg/mL]
2.R 0.743 0.743 7.41 185.3 10.0 18.53 % Removal -0.4%
2.B 0.728 0.728 7.26 181.5 10.0 18.15
Solution 3
3.1 0.739 0.739 7.37 184.3 10.0 18.43 Solution Concentration 17.22 [μg/mL]
3.2 0.723 0.723 7.21 180.2 10.0 18.02 Average Permeate Concentration 18.23 [μg/mL]
3.3 0.731 0.731 7.29 182.3 10.0 18.23 Retentate Increase in Concentration 0.63 [μg/mL]
3.R 0.716 0.716 7.14 178.5 10.0 17.85 % Removal -5.8%
3.B 0.691 0.691 6.89 172.2 10.0 17.22
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of Loading Ratio 2 pH 3, 5, 7, 9
Date: 20101129
Start Time: 850
End Time: 1700 8:00
Solution 1 Solution 2 Solution 3 Solution 4
pH 3.01 4.99 7.00 9.00
Ni
2+
 [mg/L] 25 25 25 25
PAANa [mg/L] 50 50 50 50
Loading Ratio 2.00 2.00 2.00 2.00
H20 [mL] 460 460 460 460
Observations No Precipitation No Precipitation Cloudy with small particulates Very Cloudy with small flocs
Δ Cuvette Abs. 0.000
Standard Slope 9.7275 [μg/mL/abs]
Std. Intercept -0.0536 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 1.163 1.163 11.26 281.5 10.0 28.15 Solution Concentration 28.64 [μg/mL]
1.2 1.168 1.168 11.31 282.7 10.0 28.27 Average Permeate Concentration 28.08 [μg/mL]
1.3 1.149 1.149 11.12 278.1 10.0 27.81 Retentate Increase in Concentration -0.05 [μg/mL]
1.R 1.181 1.181 11.43 285.9 10.0 28.59 % Removal 2.0%
1.B 1.183 1.183 11.45 286.4 10.0 28.64
Solution 2
2.1 0.870 0.870 8.41 210.2 10.0 21.02 Solution Concentration 27.42 [μg/mL]
2.2 0.846 0.846 8.18 204.4 10.0 20.44 Average Permeate Concentration 20.65 [μg/mL]
2.3 0.848 0.848 8.20 204.9 10.0 20.49 Retentate Increase in Concentration 0.54 [μg/mL]
2.R 1.155 1.155 11.18 279.5 10.0 27.95 % Removal 24.7%
2.B 1.133 1.133 10.97 274.2 10.0 27.42
Solution 3
3.1 0.664 0.664 6.41 160.1 10.0 16.01 Solution Concentration 28.15 [μg/mL]
3.2 0.682 0.682 6.58 164.5 10.0 16.45 Average Permeate Concentration 16.32 [μg/mL]
3.3 0.684 0.684 6.60 165.0 10.0 16.50 Retentate Increase in Concentration -2.31 [μg/mL]
3.R 1.068 1.068 10.34 258.4 10.0 25.84 % Removal 42.0%
3.B 1.163 1.163 11.26 281.5 10.0 28.15
Solution 4
4.1 0.060 0.060 0.53 13.3 10.0 1.33 Solution Concentration 26.47 [μg/mL]
4.2 0.066 0.066 0.59 14.7 10.0 1.47 Average Permeate Concentration 1.43 [μg/mL]
4.3 0.067 0.067 0.60 15.0 10.0 1.50 Retentate Increase in Concentration 3.87 [μg/mL]
4.R 1.253 1.253 12.13 303.4 10.0 30.34 % Removal 94.6%
4.B 1.094 1.094 10.59 264.7 10.0 26.47
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker  
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Experiment: Test of Loading Ratio 2 pH  4, 6, 8
Date: 20101202
Start Time: 1015
End Time: 1700 7:15
Solution 1 Solution 2 Solution 3
pH 4.01 6.01 8.01
Ni
2+
 [mg/L] 25 25 25
PAANa [mg/L] 50 50 50
Loading Ratio 2.00 2.00 2.00
H20 [mL] 460 460 460
Observations No Precipitation Slighly cloudy with sm. Particulates Cloudy with small particulates
Δ Cuvette Abs. 0.000
Standard Slope 9.7275 [μg/mL/abs]
Std. Intercept -0.0536 [μg/mL]
Ttl Mix Volume 25 [mL]
Sample No. 530 nm Absorbance Corrected 530 nm Absorbance Ni
2+
 From Std. Curve [μg/mL] Mass of Ni2+ [μg] Sample Vol. [mL] Concentration [μg/mL] Solution 1
1.1 1.121 1.121 10.85 271.3 10.0 27.13 Solution Concentration 27.71 [μg/mL]
1.2 1.075 1.075 10.40 260.1 10.0 26.01 Average Permeate Concentration 25.91 [μg/mL]
1.3 1.017 1.017 9.84 246.0 10.0 24.60 Retentate Increase in Concentration 0.88 [μg/mL]
1.R 1.181 1.181 11.43 285.9 10.0 28.59 % Removal 6.5%
1.B 1.145 1.145 11.08 277.1 10.0 27.71
Solution 2
2.1 0.670 0.670 6.46 161.6 10.0 16.16 Solution Concentration 27.03 [μg/mL]
2.2 0.665 0.665 6.42 160.4 10.0 16.04 Average Permeate Concentration 16.14 [μg/mL]
2.3 0.673 0.673 6.49 162.3 10.0 16.23 Retentate Increase in Concentration -0.63 [μg/mL]
2.R 1.091 1.091 10.56 264.0 10.0 26.40 % Removal 40.3%
2.B 1.117 1.117 10.81 270.3 10.0 27.03
Solution 3
3.1 0.446 0.446 4.28 107.1 10.0 10.71 Solution Concentration 27.25 [μg/mL]
3.2 0.471 0.471 4.53 113.2 10.0 11.32 Average Permeate Concentration 11.21 [μg/mL]
3.3 0.483 0.483 4.64 116.1 10.0 11.61 Retentate Increase in Concentration 0.29 [μg/mL]
3.R 1.138 1.138 11.02 275.4 10.0 27.54 % Removal 58.8%
3.B 1.126 1.126 10.90 272.5 10.0 27.25
Key
1.x First solution
x.1,2,3 1st, 2nd, 3rd Permeate Sample
x.R Retentate Sample
x.B Solution Sample from Beaker
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10. APPENDIX C: STANDARD NICKEL SPECTROSCOPY CURVES 
Experiment: Creation of Standard Dimethylglyoxime Spectrophotometric Curve
Date: 20101029
Start Time: 900
End Time: 1600 7:00
25 [mL] Total Mixture Volume
20 [μg/mL] Conc. Of Ni
2+
 in Storage solution
-0.012 [Abs] Absorbance Difference from water Cuvette
Test Tube Vol. of Ni
2+ 
[mL] Ni
2+
 Conc. [μg/mL] 530nm Abs Corrected 530nm Absorbance
0 0.00 0.00 -0.006 0.006
1 1.00 0.80 0.072 0.084
2 2.00 1.60 0.151 0.163
3 3.00 2.40 0.236 0.248
4 4.00 3.20 0.311 0.323
5 5.00 4.00 0.395 0.407
Slope 9.9731 [μg/mL/abs]
Intercept -0.0461 [μg/mL]
Ni2+ = 9.9731(Abs) - 0.0461
R² = 0.9998
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Experiment: Creation of Standard Dimethylglyoxime Spectrophotometric Curve
Date: 20101111
Start Time: 1330
End Time: 1700 3:30
25 [mL] Total Mixture Volume
20 [μg/mL] Conc. Of Ni
2+
 in Storage solution
0.003 [Abs] Absorbance Difference from water Cuvette
Test Tube Vol. of Ni
2+ 
[mL] Ni
2+
 Conc. [μg/mL] 530nm Abs Corrected 530nm Absorbance
0 0.00 0.00 0.006 0.003
1 1.00 0.80 0.089 0.086
2 2.00 1.60 0.164 0.161
3 4.00 3.20 0.326 0.323
4 6.00 4.80 0.472 0.469
5 8.00 6.40 0.647 0.644
6 10.00 8.00 0.803 0.800
Slope 10.088 [μg/mL/abs]
Intercept -0.0346 [μg/mL]
y = 10.088x - 0.0346
R² = 0.9995
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Experiment: Creation of Standard Dimethylglyoxime Spectrophotometric Curve
Date: 20101118
Start Time: 1000
End Time: 1400 4:00
25 [mL] Total Mixture Volume
20 [μg/mL] Conc. Of Ni
2+
 in Storage solution
0.002 [Abs] Absorbance Difference from water Cuvette
Test Tube Vol. of Ni
2+ 
[mL] Ni
2+
 Conc. [μg/mL] 530nm Abs Corrected 530nm Absorbance
1 0.00 0.00 0.003 0.001
2 1.00 0.80 0.088 0.086
3 2.00 1.60 0.167 0.165
4 3.00 2.40 0.251 0.249
5 4.00 3.20 0.317 0.315
6 5.00 4.00 0.407 0.405
7 6.00 4.80 0.481 0.479
8 8.00 6.40 0.650 0.648
9 10.00 8.00 0.801 0.799
10.088
-0.0346
Slope 10.027 [μg/mL/abs]
Intercept -0.0396 [μg/mL]
y = 10.027x - 0.0396
R² = 0.9997
0.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900
N
i
2
+
 
C
o
n
c
e
n
t
r
a
t
i
o
n
 
[
μ
g
/
m
L
]
Corrected 530nm Absorbance
Standard Ni2+ Concentration Curve
 
C-5 | Page 
 
Experiment: Creation of Standard Dimethylglyoxime Spectrophotometric Curve
Date: 20101129
Start Time: 850
End Time: 1700 8:00
25 [mL] Total Mixture Volume
20 [μg/mL] Conc. Of Ni
2+
 in Storage solution
0 [Abs] Absorbance Difference from water Cuvette
Test Tube Vol. of Ni
2+ 
[mL] Ni
2+
 Conc. [μg/mL] 530nm Abs Corrected 530nm Absorbance
1 0.00 0.00 0.004 0.004
2 1.00 0.80 0.086 0.086
3 2.00 1.60 0.169 0.169
4 3.00 2.40 0.249 0.249
5 4.00 3.20 0.337 0.337
6 5.00 4.00 0.424 0.424
7 6.00 4.80 0.503 0.503
8 8.00 6.40 0.661 0.661
9 10.00 8.00 0.824 0.824
10.088
-0.0346
Slope 9.7275 [μg/mL/abs]
Intercept -0.0536 [μg/mL]
y = 9.7275x - 0.0536
R² = 0.9998
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11. APPENDIX D: BINDING AND EQUILIBRIUM CALCULATIONS 
PAANa [mg/L] 50
Ni
2+ 
MW 58.69
pH = 3
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
4.6 10.76 10.48 3% 0.183247674 0.178574912 0.004672761 38.21614233
3.9 12.85 12.60 2% 0.218957498 0.214660592 0.004296906 49.95701824
2.8 17.97 17.74 1% 0.306184682 0.302317467 0.003867215 78.17446471
1.7 28.64 28.08 2% 0.48787566 0.478345947 0.009529713 50.1952108
pH = 4
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
4.8 10.41 8.78 16% 0.177300523 0.149547152 0.02775337 5.388432127
3.8 13.18 11.61 12% 0.224543475 0.19775943 0.026784045 7.383478862
2.8 17.62 15.96 9% 0.300267534 0.271937078 0.028330457 9.598753717
1.8 27.71 25.91 6% 0.472130917 0.441470101 0.030660815 14.39851146
pH = 5
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
5.0 10.08 3.97 61% 0.171778168 0.06770303 0.104075139 0.650520676
3.9 12.75 4.72 63% 0.217238736 0.080453907 0.136784829 0.588178583
3.0 16.71 10.22 39% 0.284700154 0.174126449 0.110573704 1.574754595
1.8 27.42 20.65 25% 0.467158893 0.351835556 0.115323337 3.050861731
pH = 6
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
4.8 10.38 0.23 98% 0.176875726 0.003841958 0.173033768 0.022203516
4.0 12.52 0.69 95% 0.21337152 0.011703417 0.201668104 0.058033059
3.1 16.12 4.01 75% 0.274641996 0.068356408 0.206285587 0.331367833
1.8 27.03 16.14 40% 0.460529527 0.275045405 0.185484122 1.482851486
pH = 7
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
5.0 10.08 3.97 61% 0.171778168 0.06770303 0.104075139 0.650520676
3.9 12.78 0.44 97% 0.217668426 0.007549742 0.210118685 0.035930843
2.9 17.42 4.92 72% 0.296850796 0.083874095 0.2129767 0.393818175
1.8 28.15 16.32 42% 0.479588953 0.278083865 0.201505088 1.380033958
pH = 8
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
5.0 10.08 0.08 99% 0.171778168 0.001434778 0.17034339 0.008422857
3.9 12.85 0.71 94% 0.218957498 0.012133108 0.20682439 0.058663814
3.0 16.55 3.64 78% 0.281902565 0.062092387 0.219810177 0.282481859
1.8 27.25 11.21 59% 0.464258545 0.191073443 0.273185103 0.699428486
pH = 9
Loading Ratio Ni
2+
 in Feed [mg/L] Ni
2+
 in Permeate [mg/L] Removal % Total Ni
2+
 [mM] Free Ni
2+
 [mM] Complexed Ni
2+
 [mM] Free Ni
2+
/Complexed Ni
2+
 [-]
5.0 10.06 0.05 99% 0.171353372 0.000868383 0.170484989 0.005093602
4.0 12.57 0.19 98% 0.214230902 0.003252836 0.210978066 0.015417887
2.9 17.15 1.28 93% 0.29215278 0.021803346 0.270349435 0.080648757
1.9 26.47 1.43 95% 0.450999814 0.024372523 0.426627291 0.057128373  
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y = 30.606x + 45.154
R² = 0.0582
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